Design of polymeric building blocks: synthesis and preparation of different polymer architectures or hybrid materials by Rudolph, Tobias
 
 
Friedrich-Schiller-Universität Jena 
Chemisch-Geowissenschaftliche Fakultät 
 
Design of Polymeric Building Blocks: 
Synthesis and Preparation of Different 
Polymer Architectures or Hybrid Materials 
 
Dissertation 
(kumulativ) 
zur Erlangung des akademischen Grades  
doctor rerum naturalium (Dr. rer. nat.) 
 
 
vorgelegt dem Rat der Chemisch-Geowissenschaftlichen Fakultät der  
Friedrich Schiller Universität Jena 
 
von M. Sc. Tobias Rudolph 
geboren am 16.02.1986 in Coburg 

 This work was funded by a PhD scholarship of the Carl-Zeiss Foundation from 06/12-02/15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gutachter:  
1. Jun.-Prof. Dr. Felix H. Schacher (Friedrich Schiller Universität Jena) 
2. Prof. Dr. Ulrich S. Schubert (Friedrich Schiller Universität Jena) 
3. Prof. Dr. Sebastian Seiffert (Freie Universität Berlin) 
 
Tag der Verteidigung: 08. September 2015 
 

  
 
 
 
 
 
 
 
 
 
 
 
Für alle die mich auf meinen Wegen begleitet haben 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table of Content 
1 
Table of Content 
 
Documentation of authorship ..................................................................................................... 3 
1 Introduction ....................................................................................................................... 11 
1.1 Polymer Synthesis .......................................................................................................... 11 
1.2 Covalent Polymer Conjugation Reactions ...................................................................... 13 
1.3 Post-Polymerization Modification Reactions ................................................................. 15 
1.4 Self-Assembly in Solution .............................................................................................. 16 
1.5 Hybrid Materials using Block Copolymers .................................................................... 18 
1.6 Outline ............................................................................................................................ 21 
2 Synthesis of Functional Polymers via Controlled Polymerization Techniques ................ 23 
2.1 Endgroup-Functionalized Polymers .............................................................................. 24 
2.1.1 Synthesis of ?- or ?-Functionalized Polymers ........................................................... 25 
2.1.1.1 Alkyne-Functionalized Poly(2-alkyl-2-oxazoline)s (TB-POx) ................................ 25 
2.1.1.2 Azide-Functionalized Poly(2-alkyl-2-oxazoline)s (POx-N3) ................................... 26 
2.1.1.3 Azide-Functionalized Poly(ferrocenyl dimethylsilane) (PFDMS-N3) ..................... 28 
2.1.2 Functional Star-shaped Building Blocks for CuAAC ................................................. 28 
2.1.3 Summary of Clickable Building Blocks for CuAAC .................................................. 30 
2.1.4 CuAAC Click Reactions Between End-functionalized Building Blocks .................... 31 
2.1.4.1 ABA Bolaamphilies .................................................................................................. 31 
2.1.4.2 Star-shaped Block Copolymers ................................................................................ 33 
2.1.4.3 Linear Block Copolymers Containing Two Crystalline Blocks ............................... 35 
2.2 Side Chain Functionalized Polymers ............................................................................. 37 
2.2.1 Cationic Ring-Opening Polymerization of 2-tert-Butyl-2-Oxazoline via 
[H(OEt2)2][Al{OC(CF3)3}4] ................................................................................................. 37 
2.2.2 Furfuryl Glycidyl Ether – A new Monomer for Living AROP ................................... 40 
2.2.3 Maleimide Thiolactone – A new Class of Homo- and Copolymers ............................ 44 
3. Self-assembly of Block Copolymers in Selective Solvents .............................................. 49 
 
Table of Content 
2 
3.1 Solution Behavior of ABA Bolaamphiphiles in Aqueous Media .................................. 50 
3.2 Linear Diblock Copolymers in Selective Solvents ........................................................ 52 
3.3 Star-Shaped Polymers by Supramolecular Host-Guests Interactions ............................ 56 
4) Synthesis and Applications of Hybrid Materials .............................................................. 59 
4.1 Metal ions Embedded into Porphyrin-Based Star Polymers .......................................... 60 
4.2 Porous Nickel Oxide Films via Block Copolymer Templating ..................................... 62 
4.3 Double Crystalline Triblock Terpolymers for Metal Ion Complexation ....................... 66 
4.4 Hybrid Fe3O4@Amino Cellulose Nanoparticles in Organic Media: Heterogeneous 
Ligands for Atom Transfer Radical Polymerizations .......................................................... 71 
5) Summary ........................................................................................................................... 73 
6) Zusammenfassung ............................................................................................................ 77 
7) References ......................................................................................................................... 81 
8) List of Abbreviations ........................................................................................................ 89 
Curriculum Vitae...................................................................................................................... 93 
Publication List ........................................................................................................................ 94 
Acknowledgements / Danksagung ........................................................................................... 99 
Declaration of Authorship / Selbstständigkeitserklärung ...................................................... 103 
Publication P1 – P14 .............................................................................................................. 104 
 
 
 
Documentation of Authorship 
3 
Documentation of authorship 
This section contains a list of the individual authors’ contributions to the publications 
reprinted in this thesis. 
 
P1) “Synthesis and Solution Properties of Double Hydrophilic Poly(ethylene oxide)-block-
poly(2-ethyl-2-oxazoline) (PEO-b-PEtOx Star Block Copolymers” 
Tobias Rudolph,1 Sarah Crotty,2 Moritz von der Lühe,3 David Pretzel,4 Ulrich S. Schubert,5 
Felix H. Schacher6 
Polymers, 2013, 5, 1081-1101 
Authors 1 2 3 4 5 6 
Conceptual development/contribution x     x 
Synthesis and characterization of polymers x  x    
MALDI-TOF MS and 2D SEC measurements  x     
Preparation of manuscript x   x  x 
Correction of manuscript x x x x x x 
Supervision of TR      x 
Supervision of MvdL x     x 
Proposed publication equivalent 1.0      
 
 
P2) "Controlling Aqueous Self-Assembly Mechanisms via Hydrophobic Interactions" 
Tobias Rudolph,#,1 Naveen K. Allampally,#,2 Gustavo Fernandez,3 Felix H. Schacher4 
Chem. Eur. J., 2014, 43, 13871-13875 
#Both authors contributed equally. 
Authors 1 2 3 4 
Conceptual development/contribution x  x x 
Synthesis and characterization of polymers x    
Synthesis of bolaamphiphiles and characterization (NMR, SEC, FT-IR) x    
Characterization of bolaamphiphiles and determination of mechanism  x x  
Preparation of manuscript x x x x 
Correction of manuscript x x x x 
Supervision of TR    x 
Proposed publication equivalent 1.0 1.0   
 
 
Documentation of Authorship 
4 
P3) “Supramolecular Three-Armed Star Polymers via Cyclodextrin Host/Guest Self-
Assembly” 
Bernhard V. K. J. Schmidt,1 Tobias Rudolph,2 Martin Hetzer,3 Helmut Ritter,4 Felix H. 
Schacher,5 Christopher Barner-Kowollik6 
Polym. Chem., 2012, 3, 3139-3145 
Authors 1 2 3 4 5 6 
Conceptual development/contribution x x     
Synthesis and characterization of polymers x      
Study the self-assembly process via DLS  x     
Study the self-assembly process via NMR   x    
Preparation of manuscript x x x    
Correction of manuscript x x x x x x 
Supervision of BVKJ      x 
Supervision of TR     x  
Proposed publication equivalent  0.5     
 
 
P4) “Synthesis and Self-Assembly of Poly(ferrocenyldimethylsilane)-block-poly(2-alkyl-2-
oxazoline) Block Copolymers” 
Tobias Rudolph,1 Adam Nunns,2 Almut M. Schwenke,3 Felix H. Schacher4 
Polym. Chem., 2015, 6, 1604-1612 
Authors 1 2 3 4 
Conceptual development/contribution x   x 
Synthesis and characterization of polymers x x   
Synthesis and characterization of block copolymers x    
Self-assembly studies x    
AFM measurements   x  
Preparation of manuscript x   x 
Correction of manuscript x x x x 
Supervision of TR    x 
Proposed publication equivalent 1.0    
 
 
 
 
 
Documentation of Authorship 
5 
P5) “Hierarchical Self-Assembly of Double-Crystalline Poly(ferrocenyldimethylsilane)-
block-poly(2-iso-propyl-2-oxazoline) (PFDMS-b-PiPrOx) Block Copolymers” 
Tobias Rudolph,1 Adam Nunns,2 Steffi Stumpf,3 Christian Pietsch,4 Felix H. Schacher5 
Macromol. Rapid Commun., submitted 
Submission date: 25.04.2015 
Authors 1 2 3 4 5 
Conceptual development/contribution x    x 
Synthesis and characterization of polymers x x    
Synthesis and characterization of block copolymers x     
Self-assembly studies x     
SEM measurements   x x  
Preparation of manuscript x    x 
Correction of manuscript x x x x x 
Supervision of TR     x 
Proposed publication equivalent 1.0     
 
 
P6) “Towards Anisotropic Hybrid Materials: Solution Self-Assembly of Linear Polyethylene-
block-poly(2-(4-((tert-butoxycarbonyl)amino)butyl-2-oxazoline)–block-poly(2-iso-propyl-2-
oxazoline) Triblock Terpolymers” 
Tobias Rudolph,1 Matthias Hartlieb,2 Moritz von der Lühe,3 Ulrich S. Schubert,4 Franck 
DAgosto,5 Felix H. Schacher6 
In preparation 
Authors 1 2 3 4 5 6 
Conceptual development/contribution x    x x 
Synthesis and characterization of polymers x      
Synthesis of BocAmOx and deprotection of polymers  x     
DLS measurements x      
TEM measurements   x    
Preparation of manuscript x     x 
Correction of manuscript x x x x x x 
Supervision of TR and MvdL      x 
Proposed publication equivalent 1.0      
 
 
 
Documentation of Authorship 
6 
P7) “Homo- and Block Copolymers of Poly(furfuryl glycidyl ether) by Living Anionic 
Polymerization: Towards Reversibly Core-Crosslinked Micelles” 
Markus J. Barthel,#,1 Tobias Rudolph,#,2 Sarah Crotty,3 Felix H. Schacher,4 Ulrich S. 
Schubert5 
J. Polym. Sci. Part A: Polym. Chem., 2012, 50, 4958-4965 
#Both authors contributed equally. 
Authors 1 2 3 4 5 
Conceptual development x x  x x 
Synthesis and characterization of polymers x x    
Crosslinking study x     
DLS measurements  x    
MALDI-ToF MS measurements   x   
Preparation of manuscript x x    
Correction of manuscript x x x x x 
Supervision of MJB     x 
Supervision of TR    x  
Proposed publication equivalent 1.0 1.0    
 
 
P8) “Self-Healing Materials via Reversible Crosslinking of Poly(ethylene oxide)-block-
poly(furfuryl glycidyl ether) (PEO-b-PFGE) Block Copolymer Films” 
Markus J. Barthel,1 Tobias Rudolph,2 Anke Teichler,3 Renzo M. Paulus,4 Jürgen Vitz,5 
Stephanie Hoeppener,6 Martin D. Hager,7 Felix H. Schacher,8 Ulrich S. Schubert9 
Adv. Funct. Mater., 2013, 23, 4921-4932 
Authors 1 2 3 4 5 6 7 8 9 
Conceptual 
development/contribution 
x x      x x 
Synthesis and characterization 
of polymers 
x x        
Self-healing studies x x        
Nano-indentation measurements     x     
Profilometry and contact angle 
measurements 
  x       
DSC measurements    x      
 
Documentation of Authorship 
7 
Preparation of manuscript x         
Correction of manuscript x x x x x x x x x 
Supervision of MJB         x 
Supervision of TR        x  
Proposed publication equivalent  0.5        
 
 
P9) “Poly(2-vinyl pyridine)-block-Poly(ethylene oxide) featuring a Furan Group at the Block 
Junction – Synthesis and Functionalization” 
Tobias Rudolph,1,# Markus J. Barthel,2,# Florian Kretschmer,3 Ulrich Mansfeld,4 Stephanie 
Hoeppener,5 Martin D. Hager,6 Ulrich S. Schubert,7 Felix H. Schacher8 
Macromol. Rapid Commun., 2014, 35, 916-921 
#Both authors contributed equally. 
Authors 1 2 3 4 5 6 7 8 
Conceptual development/contribution x x      x 
Synthesis and characterization of polymers x x       
Gold-Nanoparticle preparation   x      
Mid-chain functionalization with dyes and NP x x       
TEM measurements    x x    
Preparation of manuscript x x      x 
Correction of manuscript x x x x x x x x 
Supervision of MJB       x  
Supervision of TR        x 
Proposed publication equivalent 1.0 1.0       
 
 
P10) “A Strong Cationic Brønsted Acid, [H(OEt2)2][Al{OC(CF3)3}4], as an Efficient Initiator 
for the Cationic Ring-Opening Polymerization of 2-Alkyl-2-Oxazolines” 
Tobias Rudolph,1 Kristian Kempe,2 Sarah Crotty,3 Renzo M. Paulus,4 Ulrich S. Schubert,5 
Ingo Krossing,6 Felix H. Schacher7 
Polym. Chem., 2013, 4, 495-505 
Authors 1 2 3 4 5 6 7 
Conceptual development/contribution x x     x 
Synthesis and characterization of polymers x  x     
Monomer synthesis (2-tert-butyl-2-oxazoline)  x      
 
Documentation of Authorship 
8 
TGA and DSC measurements    x    
Preparation of manuscript x      x 
Correction of manuscript x x x x x x x 
Supervision of TR       x 
Proposed publication equivalent 1.0       
 
 
P11) “Poly(thiolactone) Homo- and Copolymers from Maleimide Thiolactone: Synthesis and 
Functionalization” 
Tobias Rudolph,1 Pieter Espeel,2 Filip E. Du Prez,3 Felix H. Schacher4 
Polym. Chem., 2015, in press (DOI: 10.1039/C5PY00329F) 
Authors 1 2 3 4 
Conceptual development/contribution x   x 
Synthesis and characterization of monomer and polymers x    
Double modification of polymers x    
Preparation of manuscript x x  x 
Correction of manuscript x x x x 
Supervision of TR    x 
Proposed publication equivalent 1.0    
 
 
P12) “Hybrid Fe3O4@Amino Cellulose Nanoparticles in Organic Media: Heterogeneous 
Ligands for Atom Transfer Radical Polymerizations” 
Ludmila C. Fidale,1 Melanie Nikolasjski,2 Tobias Rudolph,3 Felix H. Schacher,4 Thomas 
Heinze5 
J. Colloid Interface Sci., 2013, 390, 25-33 
Authors 1 2 3 4 5 
Conceptual development/contribution x x x x x 
Synthesis and characterization of polymers x  x   
Preparation of cellulose and NP formation and 
characterization 
x x    
DLS and TEM measurements   x   
Preparation of manuscript x x  x  
Correction of manuscript x x x x x 
Supervision of LCF     x 
 
Documentation of Authorship 
9 
Supervision of TR    x  
Proposed publication equivalent   0.5   
      
P13) "Porous NiOx Nanostructures Templated by Polystyrene-block-poly(2-vinylpyridine) 
Diblock Copolymer Micelles" 
Maximilian Bräutigam,1 Peter Weyell,2 Tobias Rudolph,3 Jan Dellith,4 Sven Krieck,5 Holger 
Schmalz,6 Felix H. Schacher,7 Benjamin Dietzek8 
Journal of Materials Chemistry A, 2014, 2, 6158-6166 
Authors 1 2 3 4 5 6 7 8 
Conceptual development/contribution x  x    x x 
Synthesis and characterization of polymers      x   
Micelle formation and embedding of metal ions x x x      
DLS and TEM measurements x x x      
SEM and CV measurements x   x x    
Preparation of manuscript x  x    x x 
Correction of manuscript x x x x x x x x 
Supervision of MB and PW        x 
Supervision of TR       x  
Proposed publication equivalent   0.5      
 
 
P14) “Star-Shaped Poly-(2-ethyl-2-oxazoline) Featuring a Porphyrin Core: Synthesis, and 
Metal Complexation” 
Tobias Rudolph,1 Sarah Crotty,2 Ulrich S. Schubert,3 Felix H. Schacher4 
e-Polymers, 2015, in press (DOI: 10.1515/epoly-2015-0041) 
Authors 1 2 3 4 
Conceptual development/contribution x   x 
Synthesis and characterization polymers x    
MALDI-TOF MS measurements  x   
Preparation of manuscript x   x 
Correction of manuscript x x x x 
Supervision of TR    x 
Proposed publication equivalent 1.0    
 
 
10 
Erklärung zu den Eigenanteilen des Promovenden sowie der weiteren 
Doktoranden/Doktroandinnen als Koauthoren an den Publikationen und 
Zweitpublikationsrechten bei einer kumulativen Dissertation 
 
 
 
Für alle in dieser kumulativen Dissertation verwendeten Manuskripte liegen die notwendigen 
Genehmigungen der Verlage (“Reprint permissions”) für die Zweitpublikation vor. 
Die Co-Autoren der in dieser kumulativen Dissertation verwendeten Manuskripte sind sowohl 
über die Nutzung als auch über die oben angegebenen Eigenanteile informiert und stimmen 
dem zu. Die Anteile der Co-Authoren an den Publikationen sind in den vorausgehenden 
Tabellen aufgeführt. 
 
Ich bin mit der Abfassung der Dissertation als publikationsbasiert, d.h. kumulativ, 
einverstanden und bestätige die vorstehenden Angaben. Eine entsprechend begründete 
Befürwortung mit Angabe des wissenschaftlichen Anteils des Doktoranden an den 
verwendeten Publikationen werde ich parallel an den Rat der Fakultät der Chemisch-
Geowissenschaftlichen Fakultät richten. 
 
 
Prof. Dr. Felix H. Schacher          
    Datum, Ort 
 
 
Tobias Rudolph           
    Datum, Ort 
 
 
Introduction 
11 
 
 
             
1 Introduction 
             
 
 
 
 
 
1.1 Polymer Synthesis 
Staudinger developed a general view on the covalent linkage of molecules leading to the 
formation of macromolecules, and therefore is regarded as one of the pioneers establishing the 
concept of macromolecular chemistry in 1920.1-4 Since the development of macromolecules, 
the focus over the following decades was set on control over the polymerization process of 
different monomers. Beside classical free radical polymerization, ionic polymerization was 
established by Szwarc in 1956 introducing new polymerization techniques, the anionic 
polymerization for homo- and block copolymers via living polymerization.5-8 Via this 
approach improved control over the obtained macromolecules is obtained, due to the absence 
of transfer or termination reactions. As high purity reagents are necessary for ionic 
polymerizations in comparison to radical approaches, in the recent decades controlled radical 
polymerization techniques (CRP) as alternative were developed, including atom transfer 
radical polymerization (ATRP),9, 10 reversible addition-fragmentation chain transfer 
(RAFT),11, 12 or nitroxide-mediated polymerization (NMP).13 
All approaches have in common, that under optimized conditions various monomers can 
be polymerized and certain end groups can be introduced to the polymer chain. Therefore, 
functional initiators or functional termination agents can be used in the polymerization 
leading to polymer chains, which can be used for further reactions, as for example subsequent 
polymerizations (macromonomers), or conjugation reactions. Hence, physical properties of 
the resulting materials like solubility,14, 15 thermo-responsive behavior,16-18 or crystallization19-
22 can be controlled. 
As in this study mainly anionic and cationic ring-opening polymerization (AROP and 
CROP) are used, a brief polymerization mechanism will be discussed for the case of 2-alkyl-
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2-oxazolines (CROP) and glycidyl ethers (AROP). 2-alkyl-2-oxazolines were first 
polymerized by four research groups in parallel in 1966, while the interest in these monomers 
increased in the last decade due to their unique properties, e.g. they exhibit a similar “stealth 
effect” as poly(ethylene oxide) (PEO).23-25 The initiation of the polymerization is induced by 
an electrophile (E), e.g. tosylate, triflate or halide, and the formation of a cationic oxazolinium 
species (Scheme 1). During propagation the cationic species leads to a weakening in the C-O 
bond facilitating the nucleophilic attack of another monomer. Under optimized conditions 
controlled chain growth of the active polymer chain is obtained until no further monomer is 
available, as one of the advantages of living polymerization includes the absence of 
termination and chain transfer. The termination of the reaction is obtained by the addition of a 
suitable nucleophile, e.g. sodium azide or water. 
 
Scheme 1: Cationic ring-opening polymerization (CROP) of 2-alkyl-2-oxazolines, initiated by an 
electrophile and termination by the addition of nucleophiles. 
In case of the anionic ring-opening polymerization (AROP) of glycidyl ethers, e.g. the 
most prominent example allyl glycidyl ether (AGE), the polymerization can be divided into 
three individual steps (Scheme 2). During the initiation step the carbanion (e.g. 
diphenylmethyl potassium) attacks the epoxy ring, inducing ring-opening and formation of an 
oxy-anion. During chain growth further repeating units are added to the reactive species, 
while the chain ends always remains active, until subsequent addition of a termination agent, 
like e.g. alcohols introducing an hydroxyl endgroup. 
 
Scheme 2: Anionic ring-opening polymerization (AROP) of glycidyl ethers, initiated by a 
nucleophile and termination using e.g. alcohols. 
Both methods, AROP and CROP, represent living polymerization techniques, therefore 
the initiation step is much faster than the propagation rate, and transfer or termination 
reactions are negligible using appropriate conditions. Due to the living character molar mass 
and size distribution are well controlled and block elongation is possible. 
The physical properties of macromolecules can be controlled by the length of the side-
chain or by varying the composition introducing a second comonomer. For the 
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copolymerization of two monomers alternating, random, gradient and block type monomer 
distributions are possible.26 The formation of block copolymers is of special interest as in this 
case two individual segments are covalently connected. Due to the immiscibility of most 
polymers, block copolymers tend to phase separate in the bulk and in solution, leading to 
different morphologies.15, 27-29 As the morphology in the bulk as well as in solution is 
influenced by the weight fraction of the segments the synthesis of different block copolymers 
and the control over the composition is necessary for in-depth studies. As an easy access for 
the synthesis of a library of different compositions of block copolymers, click chemistry for 
the conjugation of macromolecular building blocks is a powerful tool and has been intensely 
developed during the last decade. Therefore, the introduction of complementary groups at the 
polymer chain ends is a prerequisite and enabled by well-controlled polymerization 
techniques as described above. 
 
1.2 Covalent Polymer Conjugation Reactions 
Numerous works on click chemistry have been published within the last decades applying 
this technique for the synthesis of new polymers and various materials.30-45 Sharpless et al. 
developed a short description for the criteria of click reactions: modular, wide in scope, giving 
high yields and, most important, low amounts of side products under simple reaction 
conditions.30, 40 Therefore, different approaches are summarized under the title “click 
chemistry”, including thiol-X,39, 46 Diels-Alder,47 and cycloaddition reactions48, 49 between 
complementary motifs (Scheme 3). 
 
Scheme 3: Polymer-polymer conjugation reactions via copper-catalyzed azide-alkyne 
cycloaddition (CuAAC), hetero Diels-Alder (HDA), strain-promoted azide-alkyne cycloaddition, 
and thiol-ene reactions. 
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Due to its high efficiency and tolerance towards the presence of various functionalities 
the copper-catalyzed azide-alkyne cycloaddition (CuAAC) is one of the most prominent 
conjugation reactions used in polymer and material science.30, 43, 50, 51 A bimetallic mechanism 
is proposed by Fokin and Finn concerning the catalytic cycle including an alkynyl ligand 
bond to one metal and the azide to another, leading to the formation of selectively 1,4-
disubstituted triazoles.48, 52 This approach was used for the synthesis of different polymer 
architectures, polymer synthesis through functional monomers, and for the preparation of 
block copolymers.23, 35, 37, 42, 45 
Due to the cytotoxicity of copper, both CuAAC, as well as the classical catalyst-free azide-
alkyne cycloaddition (AAC) at high temperatures (≈100 °C) are not suitable for biological 
applications. A more moderate approach was developed, which is the strain-promoted azide-
alkyne cycloaddition (SPAAC) reaction between cylcooctyne derivatives and azides, opening 
up AAC methodologies for biological applications.53-55 
Diels-Alder reactions are [4+2] cycloaddition reactions between a diene and a 
dienophile, which are frequently used in organic synthesis56, 57 and polymer conjugation 
reactions. 58-61 Most prominent motifs for polymer conjugation or side-chain modification via 
Diels-Alder are furan or anthracene (as dienes) and maleimide (as dienophile) moieties 
introduced by substitution reactions or respectively functionalized molecules. Beside the 
efficient linkage between the complementary functionalities, the retro-Diels-Alder reaction at 
elevated temperatures is used for potential self-healing materials as cross-linked networks can 
be reversibly formed and opened under sequential temperature treatment.62-65 
Beside this, also the Hetero Diels-Alder (HDA) reactions have been intensively investigated 
by Barner-Kowollik et al. Here, combinations of diene functionalized (e.g. cyclopentadiene) 
polymers and macromolecules containing a special RAFT group are used.66-68 Herefore, 
RAFT agents with an electron-deficient dithioester were synthesized and used for the 
polymerization of a second building block. In a subsequent reaction both motifs react in a 
Hetero-Diels-Alder reaction and an efficient linkage between the individual segments is 
formed. This approach is even suitable for polymers with a molar mass above 100 000 g mol-1 
within short reaction times.66  
Another example are thiol-ene reactions for polymer-polymer conjugation via the 
radical reaction between thiol-radicals and alkene-functionalized polymer chains.39, 41, 69 Due 
to limitations in reactivity, this example of click chemistry is less often used when it comes to 
macromolecular building blocks.70, 71 Thiol-ene reactions are mostly used for side-chain or 
end-group modifications, or in Michael-type addition reactions.70, 72-75 
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Recent work on new efficient polymer linkage by the group of Du Prez et al. described 
triazolindiones for ultrafast and reversible linkage employing a similar mechanism as for DA 
reactions. This reaction leads to a quantitative polymer-polymer conjugation at ambient 
temperature without any additives within minutes (< 30 min) and a complete reversibility 
upon heating within 30 minutes as indicated by color changes.76 
All these modular reactions are widely used in material science, biochemistry, organic 
synthesis and polymer science, leading to a variety of new materials and developments.33, 49, 
51, 77, 78 The list of above mentioned types for conjugation reaction is just a short excerpt of 
reactions used in the literature, mentioning widely used existing systems and their advantages 
or disadvantages. Based on these, the focus for the following work is put on copper-catalyzed 
azide-alkyne cycloaddition (CuAAC) reactions, mainly due to facile access to and 
commercial availability of functional monomers, initiators and substitution agents. 
 
1.3 Post-Polymerization Modification Reactions 
 Beside the linkage between polymer chains the modification of as-synthesized 
polymers or copolymers is widely investigated, due to the ability to change or improve the 
physical properties of the respective macromolecule. Similar approaches as mentioned above 
are used for this task, e.g. DA, CuAAC, or thiol-X reactions (Scheme 4).44, 49, 79 Therefore, 
polymers with side-chain functionalities are synthesized, characterized concerning the 
composition and integrity of the functional groups introduced, and subsequently used in 
modification steps. 
 
Scheme 4: Modification of side-chain functionalized polymers in a subsequent reaction by thiol-
ene, CuAAC, or thiolactone chemistry. 
Most of the time the side-chain functionality contains only one reactive unit, while 
thiolactone moieties can undergo sequential reactions with amines and acrylates, allowing a 
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one-pot double modification.80 Under the attack of an amine the thiolactone ring is opened, 
releasing a thiol moiety, which can react with acrylates instantaneously.81, 82 
Beside the attachment of polymers or molecules by orthogonal chemistry, also the 
deprotection of polymer side-chains can be seen as post-polymerization modification. 
Protection of functional groups in monomers, like e.g. amines or carboxyl groups, is 
necessary in certain cases during the polymerization. Sequential deprotection and release of 
the corresponding group leads to side-chain functionalized polymers.83, 84 
 
1.4 Self-Assembly in Solution 
The self-assembly of block copolymers and smaller building blocks in selective solvents 
has been intensely investigated.14, 15, 85-92 The solvophobic block will collapse in a selective 
solvent, decreasing unfavorable solvent-polymer interactions and forming a collapsed core, 
while the soluble segments stabilize the core in solution, leading to the formation of core-
corona micelles (for, e.g., AB diblock copolymers). Depending on the weight fractions of the 
two blocks, different morphologies can be obtained, e.g. spheres, rods, discs, or vesicles 
(Scheme 5). 
 
Scheme 5: Different morphologies formed via the self-assembly of block copolymers in solution: 
spheres, discs, vesicles and rods. 
Beside solubility, also crystallization is found in the literature as a driving force for the 
formation of hierarchical superstructures. Hierarchical in this case includes several periodicity 
within the superstructure other several length scales, the most prominent example in nature is 
the construction of wood.93 Manners et al. established the term “crystallization induced 
supramolecular polymerization” of ferrocenyl-based block copolymers in solution.94, 95 They 
were able to control the self-assembly of semi-crystalline poly(ferrocenylsilane)s (PFS) as 
core-forming blocks in selective solvents stabilized by a second block which formed the 
corona (Figure 1). Rod-like and platelet-like structures are often observed in solution. Further, 
the size of these crystalline rods could be tuned by sonication, and the use of pre-formed seed 
micelles for the controlled growth of a second, semi-crystalline poly(ferrocenylgermane)-
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containing block copolymer via epitaxial crystallization was demonstrated. This “living 
polymerization” was investigated by transmission electron microscopy (TEM), wide angle x-
ray scattering (WAXS) and static light scattering (SLS).95 
 
Figure 1: A) "Living crystallization-driven supramolecular polymerization" of PI-b-PFG from a 
PI-b-PFS-seed micelle; B) TEM micrograph of rod-like structure in hexane with a PFS core; C) 
TEM micrograph of linear BAB-triblock co-micelles; D) enlarged TEM micrograph of a BAB 
triblock co-micelle together with the triblock composition located via EDX.95 
For smaller building blocks the influence of different driving forces for self-assembly in a 
certain solvent, like e.g. stacking, hydrogen bonds or hydrophobic interactions get more and 
more important in comparison to larger macromolecules.96 Here, three different self-assembly 
mechanisms can be distinguished (Scheme 6). In case of the isodesmic mechanism, each 
addition of a building block releases the same energy as is necessary for its detachment. For 
cooperative self-assembly, a nucleation step is necessary, forming first dimers and a 
subsequent elongation of the assembly by attachments of further building blocks. In 
comparison, for the anti-cooperative mechanism just a dimerization of two building blocks is 
observed and further elongation is usually not preferred.97 
Depending on the mechanism and the composition spherical, vesicular, rod-like or even 
helical structures can be observed.96, 98 
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Scheme 6: Illustration of different aggregation mechanisms for smaller building blocks: 
isodesmic, anti-cooperative and cooperative mechanism. 
 
1.5 Hybrid Materials using Block Copolymers 
Hybrid materials of organic and inorganic components are able to combine the (physical) 
properties of all constituents. This combination of both materials can be divided into two 
different classes according to the interaction – the first class is formed by embedding and 
rather weak bonds between both parts, while in the second class covalent crosslinks are 
present.99 By using block copolymers for the formation of hybrid materials both classes are 
available as functionalized macromolecules can strongly interact with inorganic surfaces or 
as-synthesized nanoparticles. Also, metal ions can be embedded selectively into suitable 
compartments within block copolymer nanostructures.100-107 For the introduction of metal ions 
into the main chain of block copolymers Manners et al. investigated iron-based monomers, 
e.g. ferrocenyldimethylsilane, which can be copolymerized together with different monomers 
showing hierarchical self-assembly in solution.21, 94, 108-112 The wide research field of hybrid 
materials has been extensively reviewed within the last years.99-101, 113, 114 
Here, the focus for the selective complexation of metal ions in certain domains influenced by 
block copolymers in solution is briefly discussed.115-117 Inorganic nanoparticles can be coated 
with suitable polymer shells, either induced by metal-polymer interactions or by electrostatic 
interactions (Scheme 7).118-121 For this approach the corresponding polymer is added to a 
nanoparticle solution, followed by several washing cycles. Consequently, the ratio of 
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inorganic to organic components varies, depending on the size of the nanoparticle and the 
applied coating process. 
 
Scheme 7: Illustration of some metal-polymer interactions - differences in the formation of 
hybrid materials by coating of nanoparticles with polymers or the embedding of metal-ions / NP 
into a polymer matrix.  
Alternatively, metal ions can be introduced into certain domains by selective complexation. 
The complexed ions can be reduced in a subsequent step, thereby in-situ forming NP within 
block copolymer nanostructures.103, 104, 122 Via this approach typically rather small NPs are 
formed, which can be used for increasing contrast in certain domains for transmission electron 
microscopy (TEM) investigations, or the introduction and stabilization of catalytic amounts of 
metal ions. Müller et al. showed the formation of cylindrical core-crosslinked micelles of a 
triblock terpolymer, polybutadiene-block-poly(2-vinylpyridine)quaternized-block-poly(methyl 
acrylic acid) (BVqMAA). The oppositely charged polymer segments, quaternized P2VP and 
MAA form a discontinuous shell of interpolyelectrolyte complex (IPEC) around the 
crosslinked polybutadiene segment, while the excess of PMAA stabilizes the aggregate in 
solution and can be addressed by different metal salt precursors (HAuCl4; K2PtBr6) (Figure 
2A-C).  
 
Introduction 
20 
 
Figure 2: TEM micrographs of cylindrical core-crosslinked polybutadiene-block-poly(2-
vinylpyridine)quaternized-block-poly(methyl acrylic acid) (B420Vq280MAA790) triblock terpolymer 
micelles/metal nanoparticle hybrids deposited from aqueous solution; Au (A), Pt (B), and the 
proposed solution structure (C).104 
The preferential deposition of metals in certain compartments of stabilizing block copolymers 
might lead to the formation of new hybrid materials, which foster conceptual development for 
nanotechnology in both biochemical and electronic context.123, 124 
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1.6 Outline 
 
This thesis is divided into three main chapters: polymer and (block) copolymer synthesis 
and functionalization, solution self-assembly, and the formation and application of 
organic/inorganic hybrid materials: 
 
In the first part of this thesis, we were interested in the synthesis of end-group 
functionalized (co)polymers for efficient subsequent linkage between complementary motifs. 
Herefore, linear and star-shaped macromolecular building blocks were synthesized and 
functionalized. After copper-catalyzed azide alkyne cycloaddition (CuAAC) reactions, the 
resulting block copolymers were purified and characterized by various techniques 
(Chapter 2.1). On the other hand, side-group functionalized macromolecules, including new 
classes of monomers and the selective addressing of the functionalities in post-polymerization 
modification steps, like e.g. selective cross-linking, were synthesized (Chapter 2.2). 
 
The second part focuses on the self-assembly of block copolymers in selective solvents. A 
new class of bolaamphiphiles is studied concerning self-assembly in aqueous solution and the 
influence of the polymer chain length on the underlying mechanism (Chapter 3.1). 
Furthermore, a morphological study of organometallic block copolymers with different 
composition in selective solvents is presented. Potential double crystalline block copolymers 
of this study were further investigated concerning the subsequent crystallization of the second 
segment, leading to the formation of double-crystalline materials (Chapter 3.2). In addition, 
the formation of star-shaped polymers by host-guest interactions of adamantyl-functionalized 
polymers with different molar mass and a cyclodextrine-based core is discussed in detail and 
investigated using a combination of dynamic light scattering and NMR experiments 
(Chapter 3.3). 
 
In the third chapter the use of block copolymers for the formation of hybrid materials is 
described for four individual approaches: the synthesis of porphyrin-centered star-shaped 
polymers and the complexation of copper and iron ion within the porphyrin cavity 
(Chapter 4.1). Further, a template-assisted immobilization of Ni-ions in block copolymer 
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micelles and subsequent calcination leads to porous nickel oxide layers (Chapter 4.2). We also 
present investigations of triblock terpolymers for the selective complexation of metal ions or 
nanoparticles and the subsequent directional crystallization into hybrid fiber-like structures 
(Chapter 4.3). Finally, the use of macromolecule/nanoparticle suspensions for copper 
complexation and their subsequent use for the ATRP of styrene is presented. Due to the 
superparamagnetic properties of the Fe3O4 NP the catalyst can be removed and re-used for 
another polymerization batch, while the copper content in the final polymer is negligible 
(Chapter 4.4). 
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2 Synthesis of Functional Polymers via Controlled 
Polymerization Techniques 
             
 
 
 
 
 
Different approaches were used for the synthesis of a broad tool box of functional 
materials for subsequent post-polymerization modification reactions. The introduction of 
these functionalities and the subsequent use of these macromolecular building blocks will be 
described in the following chapter, which is divided into: 
 
1) The synthesis of end-group functionalized  polymers, (Chapter 2.1) 
 
2) The synthesis of side-chain functionalized  polymers, (Chapter 2.2) 
 
3) The formation of linear and star-shaped block copolymers (Chapter 2.3). 
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2.1 Endgroup-Functionalized Polymers 
Parts of this chapter will be/have been published: P1) Rudolph, T.; Crotty, S.; v. d. Lühe, M.; 
Pretzel, D.: Schubert, U. S.; Schacher, F. H., Polymers, 2013, 5, 1081-1101; P2) Rudolph, T.; 
Allampally, N. K.; Fernandez, G.; Schacher, F. H., Chem. Eur. J., 2014, 43, 13871-13875; 
P3) Schmidt, B.V.K.J.; Rudolph, T.; Hetzer, M.; Ritter, H.; Schacher, F.H.; Barner-Kowollik, 
C.; Polym. Chem., 2012, 3, 3139-3145; P4) Rudolph, T.; Nunns, A.; Schwenk, A. M.; 
Schacher, F. H., Polym. Chem., 2015, 6, 1604-1612; P5) Rudolph, T.; Nunns, A.; Stumpf, S.; 
Pietsch, C.; Schacher, F. H.; submitted; P6) Rudolph, T.; Hartlieb, M.; v. d. Lühe, M.; 
Schubert, U. S.; Hoeppener, S.; D´Agosto, F.; Schacher, F. H.; in preparation. 
 
 
      For the preparation of a tool box of endgroup-functionalized polymers containing 
complementary functionalities, a library of azide or alkyne functionalized macromolecules 
were synthesized. Exemplarily, an alkyne functionalized initiator has been used for the 
cationic ring-opening polymerization (CROP) of 2-alkyl-2-oxazolines or, alternatively, an 
azide functionality can be introduced by subsequent exchange of the endgroup. In the 
following (Scheme 8), some examples for linear or star-shaped homo- or block copolymers 
used in this thesis are depicted, which can be later covalently linked by copper catalyzed 
azide-alkyne cycloaddition (CuAAC) reactions. 
 
Scheme 8: Azide- and alkyne-functionalized polymers, synthesized for covalent linkage between 
two individual building blocks by CuAAC. 
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2.1.1 Synthesis of ?- or ?-Functionalized Polymers 
2.1.1.1 Alkyne-Functionalized Poly(2-alkyl-2-oxazoline)s (TB-POx) 
For the synthesis of ?-functionalized polymer chains for subsequent copper catalyzed 
azide-alkyne cycloaddition (CuAAC) reactions functional initiators are often used.50 In case 
of the cationic ring-opening polymerization (CROP) of 2-alkyl-2-oxazolines, propargyl p-
toluenesulfonate (TB-Ts) is used for the introduction of an alkyne-functionality (Scheme 9).  
 
Scheme 9: Cationic ring-opening polymerization (CROP) of 2-alkyl-2-oxazolines as ?- / ?- or 
double functional polymer chains via functional initiators or termination with nucleophiles. 
Via this initiator homopolymers of 2-ethyl-2-oxazoline (EtOx), 2-iso-propyl-2-
oxazolines (iPrOx), 2-(4-((tert-butoxycarbonyl)amino)butyl-2-oxazoline (BocAmOx),84 and 
block copolymers of these monomers were synthesized with different molar masses (Figure 
3). For the polymerization, optimized microwave-assisted reaction conditions as described in 
the literature were chosen.23, 125, 126 Briefly, the monomer concentration was adjusted to 4M in 
acetonitrile (ACN), and the polymerization was performed at 140 °C in a microwave 
synthesizer. In case of block copolymerization of two different monomers, the polymerization 
of the first monomer is performed to full conversion, thereafter sequential addition of a 
second monomer leads to chain extension, indicated by a shift to lower elution volume in SEC 
(Figure 3C). The polymerization is terminated by the addition of water, leading to a hydroxyl 
endgroup. Depending on the monomer to initiator ratio ([M]/[I]), polymers with different 
degrees of polymerization (DP) can be obtained (Figure 3B). 
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Figure 3: A) Microwave-assisted homo- and block copolymerization of 2-alkyl-2-oxazolines 
initiated via propargyl p-toluenesulfonate; B) comparison of SEC traces for PEtOx 
homopolymers with different degrees of polymerizations initiated by TB-Ts: DP20 (black curve), 
40 (red curve), 60 (green curve), and 80 (blue curve); C) Comparison of SEC traces for 
PBocAmOx15 (dashed line) and PBocAmOx15-b-PiPrOx145 (red line). 
Via this approach a wide range of polymers of different molar mass and composition was 
synthesized. Due to the controlled mechanism of this polymerization the dispersity indices 
(Ð) for the obtained polymers are low up to a certain DP. Upon a [M]/[I]-ratio of 200, side 
reactions decrease control over the polymerization, limiting the molar mass range to 
20 000 g mol-1 in the case of PEtOx.127, 128 The resulting polymers are denoted as TB for the 
triple bond as starting group, while the subscripts represent the degree of polymerization (DP) 
of the corresponding polymer segment. 
 
2.1.1.2 Azide-Functionalized Poly(2-alkyl-2-oxazoline)s (POx-N3) 
For ?-functionalized poly(2-alkyl-2-oxazoline)s the polymerization was terminated by the 
addition of water, while for ?-functionalized poly(2-alkyl-2-oxazoline)s termination via the 
addition of sodium azide leads to the formation of an azide functionality at the chain end. In 
the literature also other endgroups were introduced to incoporate polymerizable groups129 or 
for influencing the solubility of the resulting polymers in water.130, 131 
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Here, the focus is put on azide functionalized polymers and oligomers (Scheme 9), 
therefore azide functionalized homopolymers of EtOx were synthesized with DPs between 5 
to 15 (Figure 4). 
 
Figure 4: A) Comparison of SEC traces for PEtOx6-N3 (straight line), PEtOx11-N3 (dashed line), 
and PEtOx16-N3 (dotted line); B) FT-IR spectrum for PEtOx11-N3. 
Table 1 shows a short summary of PEtOx homopolymers containing azide endgroups. 
The calculated DPs are close to the ones estimated corresponding to the [M]/[I] ratio, and the 
dispersity indices for the different polymers were narrow (< 1.12). 
 
Table 1: Characterization data for PEtOxx homopolymers terminated via sodium azide. 
Polymer DPtheo,a DPcalc,b Mn[g mol-1]c Ðc 
PEtOx6-N3 5 6 900 1.12 
PEtOx11-N3 10 11 1 300 1.12 
PEtOx16-N3 15 16 2 100 1.10 
[a] Feed ratio, [b] according to NMR (300 MHz, CDCl3), [c] SEC (CHCl3/i-PrOH/TEA): PS calibration 
All synthesized poly(2-alkyl-2-oxazolines), ?- and ?-functionalized, respectively, were 
characterized concerning their molar mass, composition, and functionality via different 
methods, like e.g. size-exclusion chromatography (SEC), nuclear magnetic resonance 
spectroscopy (NMR), matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
TOF MS), and fourier-transform infrared spectroscopy (FT-IR). In case of PEtOxx-N3, for the 
azide functionality a characteristic signal at ≈2100 cm-1 (Figure 4B) is observed. Via these 
characterization methods a complete functionalization of the obtained homo- and block 
copolymers was confirmed. 
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2.1.1.3 Azide-Functionalized Poly(ferrocenyl dimethylsilane) (PFDMS-N3) 
Beside the direct termination of polymerizations by the addition of sodium azide, for some 
polymerization approaches it is necessary to first introduce a different substituent, which can 
be converted subsequently in a second step into an azide functionality. In case of the anionic 
ring-opening polymerization (AROP) of dimethylsilaferrocenophane, the nucleophilicity of 
the living polymer chain end was attenuated by the addition of 1,1-diphenylethylene (DPE) 
and 1,1-dimethylsilacyclobutane.132 The reaction solution was quenched by purging the 
polymer solution into cold 1,3-dibromopropane, thereby introducing a bromine endgroup. 
After purification and drying, the bromine moiety was exchanged against an azide 
functionality by a substitution reaction (Figure 5).132 
 
Figure 5: Synthesis of azide-functionalized PFDMS-N3. 
To conclude the library of azide and alkyne end-group functionalized polymers, 
cooperation partners kindly provided azide functionalized polyethylene (PE35-N3)133 and 
adamantyl-functionalized poly(N,N-dimethylacrylamide) (Ada-PDMAAm), and poly(N,N-
diethylacrylamide) (Ada-PDEAAm).134 
 
2.1.2 Functional Star-shaped Building Blocks for CuAAC 
Beside linear polymers with azide- and alkyne-functionalities, also star-shaped polymers 
and block copolymers were investigated. For this purpose star-shaped poly(ethylene oxide) 
([PEO28-OH]8), commercially available with a molar mass of 10 000 g mol-1 and eight arms, 
was used for modification with an azide group. Therefore, the hydroxyl end group of the 
crude [PEO28-OH]8 (subscripts below denote the number of arms of the star-polymer) was 
tosylated and later substituted with sodium azide, introducing an azide functionality (Scheme 
10). Full conversion of the tosylate and azide modification was confirmed by 1H-, 13C-NMR, 
FT-IR, and 2D-SEC.135 
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Scheme 10: Modification reactions leading from a hydroxyl functionalized star-shaped PEO 
([PEO-OH]8) via tosylation ([PEO-Ts]8) to azide functionalized PEO ([PEO-N3]8). 
As second star-shaped core, porphyrin (5,10,15,20-Tetrakis(4-hydroxyphenyl)-
21H,23H-porphine (TPP)), was functionalized using propargyl bromide, thereby introducing 
alkyne functionalities (Figure 6). This alkyne-functionalized core can be used for the 
synthesis of symmetrical star-shaped polymers beside the azide-functionalized PEO ([PEO-
N3]8), after CuAAC with suitable modified linear polymers. 
 
Figure 6: A) Alkyne functionalization of (5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-
porphine ([TPP-OH]4) via propargyl bromide; B) comparison of NMR spectra for [TPP-OH]4 
(black trace) and [TB-TPP]4 (red trace). 
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2.1.3 Summary of Clickable Building Blocks for CuAAC 
In summary, a library of ?- and ?-functionalized homo- and block copolymers with 
different composition were synthesized, which can used in later copper-catalyzed azide-
alkyne cycloaddition (CuAAC) reactions, (Table 2; Table 3). Beside these, adamantyl 
functionalized polymers with different molar mass, were obtained, which can be used for 
host-guest interactions with ?-cyclodextrine (CD). 
Table 2: Summary of ?- or ?-functionalized homopolymers synthesized for further studies. 
Polymers Degree of polymerization (x) 
TB-PEtOxx 20, 40, 60, 80, 100, 200 
TB-PiPrOXx 10, 20, 24, 40, 60, 75, 170 
TB-BocAmOx 15 
PEtOxx-N3 6, 11, 16, 180 
PFDMSx-N3b 30, 80 
PEx-N3c 35 
Ada-PDMAAmxd 31, 143, 202 
Ada-PDEAAmxd 87 
a) determined via NMR; b) azide-functionalized poly(ferrocenyldimethylsilane); c) kindly provided by 
Prof. Dr. DÁgosto (University Lyon, France); d) adamantyl functionalized poly(N,N-dimethylacrylamide) (Ada-
PDMAAm) and poly(N,N-diethylacrylamide) (Ada-PDEAAm) were kindly provided by the group of Prof. Dr. 
Barner-Kowollik (Karlsruher Institute of Technology, Germany). 
 
Table 3: Summary of ?-functionalized block copolymers synthesized for further studies. 
Polymers DP of block Aa DP of block Bb 
TB-PEtOxx-b-PiPrOx 15 50, 80, 120, 170 
TB-PBocAmOxx-b-PiPrOxx 15 170 
a) determined via NMR; b) determined via NMR corresponding to the first block. 
Beside linear motifs also star-shaped building blocks were synthesized for the formation 
of star-shaped diblock copolymers via linkage between a star-shaped [PEO-N3]8 or alkyne-
functionalized [TB-TPP]4. 
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2.1.4 CuAAC Click Reactions Between End-functionalized Building Blocks 
By Sharpless definition click reactions are modular, wide in scope and give high yields 
(without byproducts), rendering copper catalyzed azide-alkyne cycloaddition (CuAAC) 
reactions one of the most prominent in polymer and material science.30, 33, 40, 43, 69 This 
modular principle can be used for the as-synthesized building block described in 
Chapter 2.1.1. 
 
2.1.4.1 ABA Bolaamphilies 
Self-assembly of small building blocks in organic solvents is mostly induced by the 
introduction of interacting units, e.g. metal-metal136 or ionic interactions.137 For non-covalent 
interactions in water hydrogen bonding and hydrophobic interactions between different 
moieties are used to form defined assemblies.138-140 The herein used OPE-based aromatic 
fragment, 1,4-bis[(4-ethynylphenyl)ethynyl]benzene, contains both two external and two 
internal alkyne functionalities. Due to the high number of alkyne functionalities being present, 
selective addressing of the external alkyne moieties was desired. According to literature, 
attack of the internal alkynes during the CuAAC with azide functionalized reagents was not 
expected.141 First reactions between OPE and PEtOxx-N3 in tetrahydrofuran or 
dimethylformamide led to bimodal size-distributions by SEC, and the disappearance of 
signals for the internal alkyne signals in 13C-NMR. These observations might be due to attack 
of internal triple bonds52, 142 or oxidative coupling reactions.143 Therefore, we developed an 
approach containing a pre-organization step for the OPE segments in a solvent mixture of 
THF and water (1/4; v/v) into sheet-like aggregates, most probably due to the ??? interactions 
of the OPE units (Figure 7). The formation of aggregates is indicated by an increase in 
turbidity, while PEtOxx-N3 is added together with Cu(I)Br and PMDETA. To decrease the 
reaction time for the CuAAC the reaction was heated to 80 °C for less than 10 minutes, and 
purified by precipitation after removal of the copper. 
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Figure 7: Synthetic scheme and strategy followed to obtain the targeted PEtOxx-OPE-PEtOxx 
bolaamphiphiles 1–3 by selectively pre-organizing the terminal alkyne groups and formation of 
the bolaamphiphiles in subsequent CuAAC click reaction.  
Via this approach different lengths of PEtOxx-N3 were linked to both external alkyne 
functionalities in aqueous media in the presence of oxygen. After the successful preparation, 
the bolaamphiphiles (PEtOxx-OPE-PEtOxx) with different DP (x = 6, 11, 16) were 
investigated via SEC (Table 4), FT-IR, and NMR, proving the presence of the internal 
alkynes. 
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Table 4: Characterization data for PEtOxx-N3 and the corresponding bolaamphiphiles PEtOxx-
OPE-PEtOxx. 
Polymer DPPEtOx [a] Mn,theo[a,b] 
[g mol-1] 
Mn,SEC[c] 
[g mol-1] 
Ð[c] 
PEtOx6-N3a 6 650 900 1.12 
PEtOx11-N3a 11 1 150 1 300 1.12 
PEtOx16-N3a 16 1 650 2 100 1.10 
PEtOx6-OPE- PEtOx6 (3) 6 1 600 2 600 1.09 
PEtOx11-OPE- PEtOx11 (2) 11 2 600 3 600 1.05 
PEtOx16-OPE- PEtOx16 (1) 16 3 600 4 800 1.07 
[a] Feed ratio, [b] according to NMR (300 MHz, CDCl3), [c] SEC (CHCl3/i-PrOH/TEA) PS calibration 
 
 
2.1.4.2 Star-shaped Block Copolymers 
The CuAAC between as-synthesized azide- and alkyne functionalized polymer building 
blocks, as described above in chapter 2.1.1, was also investigated for the synthesis of star-
shaped diblock copolymers. Therefore, azide modified star-shaped [PEO-N3]8 was combined 
with alkyne functionalized PEtOx (TB-PEtOx) of different molar mass. By this convergent 
approach, an excess of the TB-PEtOxx in comparison to the number of azide-functionalities is 
used to ensure full conversion of [PEO-N3]8. For the reaction, Cu(I)Br and PMDETA were 
applied to the reaction mixture of star-shaped and linear building block, and heated for several 
minutes in the microwave synthesizer at 80 °C (Figure 8). Purification of the star-shaped 
block copolymers ([PEO-b-PEtOxx]8) was attempted by dialysis or preparative column 
chromatography. The best results were obtained if the polymer mixture was dissolved in THF 
and placed in a freezer at -30 °C. Due to crystallization of the PEO core at low temperatures 
[PEO-b-PEtOx]8 precipitates, while linear PEtOxx-N3 remains in the supernatant solution 
(Figure 9A). 
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Figure 8: CuAAC click reaction between star-shape azide-functionalized [PEO-N3]8 and linear 
alkyne functionalized PEtOx (TB-PEtOx). 
 Via this method three different star-shaped diblock copolymers with different 
composition were obtained and characterized via NMR and FT-IR (Figure 9B). Beside the 
convergent approach for the synthesis of star-shaped block copolymers also the divergent 
approach is known.144-147 Herefore, [PEO-Ts]8 was used as macroinitiator for the CROP of 
EtOx. Even after intensive drying of the star-shaped macroinitiator via co-evaporation with 
toluene and applying high vacuum for several hours, the formation of homopolymer was 
observed by SEC. Three different star-shaped block copolymers with similar composition like 
described for the convergent approach were synthesized and investigated. As in the case of 
the divergent approach the accessibility and the reactivity of the functional group is limited, 
the length of the individual arm was not determined, while for the convergent star-shaped 
block copolymer the composition of the single building block is known and can be confirmed 
afterwards by NMR. 
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Figure 9: Comparison of SEC traces for linear (TB-PEtOx; dotted line), star-shaped ([PEO-N3]; 
dashed line) building block, and the resulting purified [PEO-b-PEtOx]8 (straight line); B) 
comparison of FT-IR spectra for linear (TB-PEtOx; red line), star-shaped ([PEO-N3]; black line) 
building block and the resulting purified [PEO-b-PEtOx]8 (blue line). 
 While the composition and the molar masses of the divergent and convergent star-
shaped block copolymers of [PEO-b-PEtOx]8 were comparable, the solution behavior in water 
was entirely different. For all convergent star-shaped block copolymers turbid solutions were 
obtained, while aqueous solutions of the divergent block copolymers remained clear. Up to 
now no explanation for this observation has been found. 
 
2.1.4.3 Linear Block Copolymers Containing Two Crystalline Blocks 
Under similar reaction conditions also diblock copolymers or triblock terpolymers were 
synthesized (Scheme 11). For the formation of diblock copolymers the azide-functionalized 
poly(ferrocenyldimethylsilane) (PFDMS-N3) was used together with alkyne functionalized 
POx. As for all block copolymers always one segment is used in a slight excess, subsequent 
purification was one of the main issues as homopolymer contaminations might influence 
further investigations. Hence, for the formation of triblock terpolymers alkyne-functionalized 
diblock copolymers were used in polymer-polymer conjugation reactions as well. For triblock 
terpolymers polyethylene (PE) is used as azide-functionalized building block. 
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Scheme 11: Synthesis of diblock copolymers and triblock terpolymers by CuAAC reactions 
between complementary functionalized building blocks. 
The properties and solution behavior of the obtained diblock copolymers and triblock 
terpolymers will be investigated in more detail in the following chapters. 
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2.2 Side Chain Functionalized Polymers 
Parts of this chapter have been published: P7) Barthel, M. J.; Rudolph, T.; Crotty S.; 
Schacher, F. H. and Schubert, U. S.; J. Polym. Sci. Part A: Polym. Chem., 2012, Vol. 50, 
4958-4965; P8) Barthel, M. J.; Rudolph, T.; Teichler, A.; Paulus, R.; Vitz, J.; Hoeppener, S.; 
Hager, M. D.; Schacher, F. H.; Schubert, U. S.; Adv. Funct. Mater., 2013, 23, 4921-4932; P9) 
Rudolph, T.; Barthel, M. J.; Kretschmer, F.; Mannsfeld, U.; Hoeppener, S.; Schubert, U. S.; 
Schacher, F. H.; Macromol. Rapid Commun., 2014, 35, 916-921; P10) Rudolph, T.; Kempe, 
K.; Crotty, S.; Paulus, R. M.; Schubert, U. S.; Krossing, I.; Schacher, F. H.; Polym. Chem., 
2013, 4, 495–505; P11) Rudolph, T.; Espeel, P.; Du Prez, F. E.; Schacher, F. H.; Polym. 
Chem., DOI: 10.1039/C5PY00329F. 
 
Beside endgroup functionalized homo- and block copolymers, also side-chain 
functionalized homopolymers, copolymers and block copolymers can be used for the 
synthesis of functional materials. In this chapter the use of new functional monomers, like 2-
tert-butyl-2-oxazoline (tButOx; Chapter 2.2.1), furfuryl glycidyl ether (FGE; Chapter 2.2.2), 
or maleimide thiolactone (MITla; Chapter 2.2.3) for the synthesis of polymers via controlled 
polymerization techniques is described.  
 
2.2.1 Cationic Ring-Opening Polymerization of 2-tert-Butyl-2-Oxazoline via 
[H(OEt2)2][Al{OC(CF3)3}4] 
Beside classical initiators for the CROP of 2-alkyl-2-oxazolines like, e.g. tosylates, also 
halides or triflates are known from literature.125, 148-151 In our case the use of a strong Brønsted 
acid, [H(OEt2)2][Al{OC(CF3)3}4],152 for the proton-initiated cationic ring-opening 
polymerization (CROP) of 2-alkyl-2-oxazolines was investigated. We speculated that the 
large counterion might lead to an accelerated polymerization rate and the possibility to access 
demanding monomers in a controlled manner. As a demanding monomer, 2-tert-butyl-2-
oxazoline (tButOx) was chosen, as for this monomer no controlled homo- or 
(co)polymerization was described up to now.153-156 First, the acid was used for the CROP of 2-
ethyl-2-oxazoline (EtOx) as control experiment. Therefore, typical polymerization conditions 
were applied at two different temperatures, 80 and 140 °C.23 The monomer conversion for this 
was determined by NMR and the obtained polymers investigated via SEC. Upon increase of 
the reaction time an increase in molar mass was observed by SEC, while the dispersity index 
remained low (Ð ≈ 1.1; Figure 10C and D). The polymerization rate of EtOx at 140 °C 
increases in comparison to methyl tosylate (k = 100 mmol L-1 s-1)125, 157 to 128 mmol L-1 s-1 
(Figure 10B). 
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Figure 10: 1H-NMR spectra for the CROP of EtOx at 140 °C at different reaction times. (A) 
First order time–conversion plots for the kinetic investigation of the microwave assisted 
polymerization of EtOx with [H(OEt2)2][Al{OC(CF3)3}4] as initiator at different temperatures, 
80 °C (black squares) and 140 °C (red dots); the polymerization rate has been determined (B); 
comparison of the time dependent SEC traces for the polymerization of EtOx at 80 °C (C) and 
140 °C (D). 
Similar reaction conditions were also applied for the CROP of tButOx, but the 
reaction time was increased to 16 hours to achieve full conversion. Due to the low solubility 
of the obtained homopolymer (PtButOx) in common solvents, the characterization was 
limited to solid state methods like FT-IR, TGA, and X-ray scattering. Beside PEtOx and 
PtButOx homopolymers, also copolymers with different compositions were synthesized to 
increase the solubility, although this was still limited even to a high content of EtOx. The 
obtained copolymers were investigated via FT-IR (Figure 11), showing changes in the peak 
shape and new bands corresponding to the presence of the tert-butyl group. The glass 
transition temperature (Tg) of the copolymers remained constant, at ≈ 56 °C, while via TGA 
the theoretical and the measured weight loss, due to the decomposition of the side chain 
confirmed the expected compositions of the copolymers (Table 5). 
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Figure 11: Fourier-transform infrared (FT-IR) spectra for PEtOx60 (blue line), PtButOx60 (red 
line), PEtOx30-co-PtButOx30 (cyan line), [H(OEt2)2][Al{OC(CF3)3}4] (black line), (B) and the 
enlargements for the important regions: (A) polymer backbone, (C) region of ?-carbon next to 
the carbonyl group, (D) carbonyl vibration, and (E) methyl vibration. 
 
Table 5: Comparison of the temperature dependency of the different homo- and copolymers 
analyzed via DSC and TGA. 
Polymer wt.% 
PtButOxa) 
Mn,theo 
[g mol-1]a) 
Tg 
[°C]b) 
theo. weight loss 
[wt.%]a) 
weight loss 
[wt.%]c) 
PEtOx60 0 5960 56.0   
PtButOx60 100 7620 37.7e) 69 71 
PEtOx50-co-PtButOx6d) 13.3 5710 53.9 9.2 15 
PEtOx40-co-PtButOx20 39.1 6500 57.0 26.9 30 
PEtOx30-co-PtButOx30 56.2 6780 56.5 38.8 38 
PEtOx50-b-PtButOx6d) 13.3 5710 57.2 9.2 14 
a) feed ratio; b) determined via the mid-value obtained by DSC from the third run; c) determined via TGA; d) 
consumption determined via 1H-NMR; e) determined from the second DSC run 
Beside the successful copolymerization of EtOx and tButOx, first hints for the partial 
hydrolysis of, PEtOx and PtButOx could be achieved. This might enable the formation of 
linear poly(ethylenimine) (PEI) in the presence of water. 
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2.2.2 Furfuryl Glycidyl Ether – A new Monomer for Living AROP 
While an almost “inert” side group was described in the last chapter (Chapter 2.2.1), a 
more reactive side-group can be introduced by the use of furfuryl glycidyl ether (FGE) in 
anionic ring opening polymerization (AROP). We first described the AROP of FGE using 
different initiators. Beside homopolymerization of FGE, the chain extension of earlier 
synthesized poly(ethylene oxide) (PEO) was also performed. Briefly, the hydroxyl group of 
as-synthesized PEO was re-activated by diphenylmethyl potassium (DPMK), while FGE was 
added to the reaction solution (Figure 12A), leading to a change in the elution volume in SEC 
(Figure 12C). The corresponding block copolymer was furthermore investigated via NMR 
and MALDI-TOF MS (Figure 12B). This procedure was applied to different PEO 
macroinitiators, leading to block copolymers with different compositions. 
 
Figure 12: Synthesis of PEO-b-PFGE using sequential living anionic ROP (A), MALDI-TOF MS 
spectrum for the block copolymer (B), and SEC traces for the PEO precursor (dashed black 
line) and PEO-b-PFGE (C, solid grey line). 
Due to the presence of furan moieties in the side chain, the polymers are suitable for 
post-polymerization modification reactions via Diels-Alder reactions with maleimides.49 
Therefore, the crosslinking of such block copolymers was investigated by the introduction of 
bismaleimides into the FGE domain in solution and in the bulk. 
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The amphiphilic block copolymer PEO139-b-PFGE12 forms micelles with a 
hydrodynamic radius of 6 nm in aqueous solution. For the selective crosslinking of the 
hydrophobic PFGE core, a bismaleimide was entrapped by dialysis from DMF (a non-
selective solvent) to water. The micellar solution was subsequently heated for 30 minutes to 
60 °C, obtaining core-corona micelles with a constant radius of 6 nm, as observed for the non-
crosslinked micelles in aqueous media (Figure 13A and B). The crosslinked micelles were 
transferred into non-selective solvents like THF and DMF (via dialysis). The size increased 
slightly in comparison to water to 15 and 10 nm, respectively, as both core and corona swell 
in these solvents, while in water the core is fully collapsed (Figure 13C and D). In DMF and 
THF no unimers for the crosslinked micelles were observed via dynamic light scattering. 
Upon heating of the micellar solution in DMF for several hours to 130 °C, the retro-Diels-
Alder (RDA) reaction is observed as a decrease of the hydrodynamic radius in solution to 
2 nm, indicating the presence of block copolymer unimers (Figure 13E), and a partial 
decrease of the corresponding signals in 1H-NMR. 
 
Figure 13: Crosslinking of the micellar core (A), number-weighted DLS CONTIN plots for 
PEO139-b-PFGE12 micelles in water after crosslinking (B), in THF (C), and DMF (D), and after 
the retro-Diels-Alder reaction in DMF (E).  
After the selective crosslinking of PFGE segments in solution has been shown, we 
also focused on block copolymer films. Therefore, films of PEO330-b-PFGE20 were 
investigated in detail concerning the physical properties and the possibility to undergo 
reversible DA with maleimides. By DSC and X-ray scattering a strong indication for phase-
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separation of the two polymer segments, indicated by two separate Tg´s and a lamellar 
morphology, was found. For the crosslinking of the block copolymer film, the material was 
dissolved together with the crosslinker and applied to a glass substrate. The solvent was 
allowed to evaporate, and the glass slide was heated for 14 hours to 65 °C. The surface of the 
film was investigated via profilometry measurements, showing a flat film with a height of ≈ 
50 to 60 μm (Figure 14A). In a second step two scratches were applied to the film surface, 
one with a depth of 7 μm and a width of 0.45 mm, and the other with a depth of 0.9 μm and a 
width of 0.1 mm (Figure 14B). As the RDA reaction takes place at high temperatures, the 
scratched film was placed in the oven at 155 °C for 3 hours. At these temperatures the 
crosslinks re-open and an increase of chain mobility occurs. Afterwards, the surface was again 
investigated concerning the earlier made scratches, showing disappearance of the small 
scratch and a reduced depth for the deep scratch to 1.2 μm (Figure 14C). 
This procedure could be performed up to 5 times at the same position with similar results, 
afterwards the efficiency decreases. 
 
Figure 14: Profilometry measurements of PEO330-b-PFGE20 block copolymer films after 
crosslinking (A), scratching with a spatula (B), and the healing process at 155 °C (C). 
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Beside the formation of block copolymers, the controlled introduction of a single furan 
moiety at the junction point between two blocks can be achieved. In this case the anionic 
polymerization of 2-vinylpyridine (2VP) was initiated by sec-butyl lithium (sec-BuLi), and 
the polymer was endcapped via the addition of FGE. Due to the strong coordination of the 
litihium counterion, only a single furfuryl glycidyl ether repeating unit was added, and 
deactivated by subsequent addition of methanol. The formed hydroxyl group is reactivated via 
DPMK, followed by the polymerization of ethylene oxide (EO), yielding P2VP68-FGE-b-
PEO390. 
The furan moiety was addressed via attaching maleimide-functionalized pyrene, leading to 
UV active polymers. In case of the pyrene functionalized block copolymer, the pristine dye 
shows no fluorescence in water, while the block copolymer shoes an intense increase in 
fluorescence (Figure 15). 
 
Figure 15: Diels-Alder reaction of pyrenyl maleimide and the pendant furan unit at the chain 
junction of a P2VP-FGE-b-PEO block copolymer (upper section) and fluorescence 
measurements of each compound (lower section). 
In addition to the modification with a fluorescent dye, the mid-chain functionalized block 
copolymer was used for the decoration of maleimide-functionalized gold nanoparticles (Au-
NP) via DA reactions. The stability of the Au-NP in aqueous solution at different pH values 
was increased afterwards, indicated by the formation of colloidally stable dispersions and 
changes in zeta-potential. Further studies also showed the use of thiol-functionalized PEO-b-
PFGE block copolymers as ligands for the synthesis of AuNPs. The selective crosslinking of 
the PFGE segment suppressed ligand exchange upon addition of a competing ligands such as 
dodecanethiol.158 
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2.2.3 Maleimide Thiolactone – A new Class of Homo- and Copolymers 
The composition and microstructure in copolymers can be controlled by the 
polymerization technique or the reactivity of the corresponding monomers. Via this approach 
a copolymer of two monomers can form random, gradient, alternating or block copolymers, 
depending on the reaction conditions.26 Perfectly alternating copolymers are mostly known 
for donor acceptor pairing between, e.g., maleic anhydride (or maleimide) and styrene. The 
tendency to copolymerize in an alternating fashion is mostly due to the opposite polarity of 
the double bonds, leading to strong interactions during the radical chain growth reaction.159 
In this chapter the synthesis of a new bio-based monomer combining maleimides and 
thiolactone80 is demonstrated. Thiolactones undergo double modification reactions in a one-
pot reaction at ambient reaction temperatures by the subsequent addition of an amine for the 
nucleophilic ring-opening of the thiolactone and an immediate thiol-X reaction with a thiol 
scavenger (e.g. acrylates).80, 81, 160, 161 
The maleimide thiolactone (MITla) can be obtained straightforward via reacting maleic 
anhydride (MAN) and D,L-homocysteine thiolactone hydrochloride (Tla*HCl) in DMSO 
within 3 hours. This monomer was intensively investigated via NMR (Figure 16A), FT-IR, 
elemental analysis (EA), and ESI-MS TOF. 
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Figure 16: A) Characterization of maleimide thiolactone (MITla) via 1H-NMR and peak 
assignment; B) comparison of 13C-NMR of MITla (black trace) and PMITla homopolymer (red 
trace); C) comparison of SEC traces for PMITla homopolymers initiated via different initiators 
and reaction conditions: AIBN in solution (dotted line), TPO in solution (straight line) and in the 
bulk (dashed line); D) comparison of SEC traces for P(MITla-co-NIPAAm)x copolymers with 
different degrees of polymerizations (DP): DP10 (dotted line), DP23 (straight line), and DP36 
(dashed line). 
Along the synthesis of the maleimide thiolactone molecule the homo- and 
copolymerization was tested. Free radical homopolymerization, initiated with 2,2′-azobis(2-
methylpropionitrile) (AIBN) or 2,4,6-trimethylbenzoyldiphenylphosphine oxide (Lucirin 
TPO©), was studied and investigated concerning the molar mass and integrity of the 
thiolactone ring after polymerization (Figure 16B). Via AIBN only oligomers with low molar 
mass were obtained while in case of TPO the molar mass could be varied depending on the 
reaction conditions and the monomer to initiator ratio (Figure 16C). Further, the 
copolymerization with styrene and N-iso-propylacrylamide (NIPAAm) was performed under 
reversible addition-fragmentation chain transfer (RAFT) conditions. Three different molar 
masses for, P(MITla-alt-S)x and P(MITla-co-NIPAAm)x copolymers were synthesized 
(Figure 16D for P(MITla-co-NIPAAm)x). The copolymers were investigated concerning 
composition, molar mass, and integrity of the thiolactone ring. Copolymers with up to 
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50 mol.% content of thiolactone could be obtained, which in other approaches has been 
limited up to now to 30 mol.%.81, 160 
The site specific double modification was performed with a combination of methyl acrylate 
and n-butylamine for homopolymers and copolymers (Figure 17A). In case of the 
homopolymer the post-polymerization modification of thiolactone can be easily investigated 
via SEC (Figure 17B) or NMR. In Figure 17C and D the characteristic signals for the 
thiolactone ring in 1H- and 13C-NMR disappear or broaden after the modification and the 
appearance of new signals corresponding to the acrylate and the amine is demonstrated. 
 
Figure 17: A) Double modification of PMITlaAIBN by methyl acrylate and n-butylamine; B) 
comparison of SEC traces for PMITlaAIBN before (dashed line) and after (straight line) double 
modification of the thiolactone; C) comparison of 1H-NMR spectra for PMITlaAIBN before (black 
line) and after (red line) double modification; D) comparison of 13C-NMR spectra for 
PMITlaAIBN before (black line) and after (red line) double modification; E) comparison of FT-IR 
spectra for PMITlaAIBN before (black line) and after (red line) double modification. 
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Although the successful double modification was observed for PMITla and for 
P(MITla-co-NIPAAm), the modification of P(MITla-alt-S)x was only possible up to 60%, 
although different solvents and reaction times were tested. Reasons for this might be steric 
demands for the modification or solubility issues, as in some cases precipitation after the 
addition of the amine was observed. 
 
In our opinion, MITla offers high potential for the synthesis of block copolymers, the 
selective crosslinking of individual segments, the introduction of functional endgroups into 
polymer chains, the use of functional thiols, or the facile preparation of sequence controlled 
polymers.  
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3. Self-assembly of Block Copolymers in Selective Solvents 
             
 
 
 
 
 
For the study of self-assembly for the before synthesized polymers in selective 
solvents, a combination of various techniques combining transmission electron microscopy 
(TEM), dynamic light scattering (DLS), and UV-Vis spectroscopy were applied. The chapter 
is divided into: 
 
1) The investigation of the solution behavior of bolaamphiphiles and the underlying 
self-assembly mechanism in aqueous solution (Chapter 3.1) 
 
2) A morphological study for the self-assembly of ferrocenyl-based block copolymers 
in selective solvents (Chapter 3.2) 
 
3) The formation of star-shaped block copolymers by host-guest interaction (Chapter 
3.3). 
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3.1 Solution Behavior of ABA Bolaamphiphiles in Aqueous Media 
 
Parts of this chapter have been published: P2) Rudolph, T.; Allampally, N. K.; Fernandez, G.; 
Schacher, F. H., Chem. Eur. J., 2014, 43, 13871-13875. 
 
 
Assemblies of supramolecular amphiphiles are mostly formed due to noncovalent 
interactions, based on, e.g., ?-?- interactions or hydrogen bonding.97 Accepted mechanisms 
for the formation of these structures include isodesmic self-assembly (in which the 
equilibrium constant for all binding events is equal) or cooperative self-assembly (two-step 
mechanism forming first a nucleus before elongation of the aggregate).97, 98, 162-164 
In this chapter, ABA bolaamphiphiles (Chapter 2.1.2.1) with different lengths of PEtOx 
side chains and an OPE core will be investigated concerning their aggregation mechanism in 
aqueous media. First, the bolaamphiphiles were investigated in pure tetrahydrofuran and 
THF/water mixtures via UV-Vis and fluorescence spectroscopy, indicating unimers in pure 
THF while aggregation is observed by increasing the water content due to the hydrophobicity 
of the central OPE part. Via these investigations first hints concerning different aggregation 
behavior can be obtained for PEtOx6-OPE-PEtOx6 and two PEtOxx-OPE-PEtOxx with longer 
side chains of PEtOx (x = 11, 16). 
For an in-depth study of the underlying aggregation mechanism, these 
bolaamphiphiles were further investigated via UV-Vis in dilute aqueous solution at different 
temperatures. Spectral changes in temperature-dependent measurements can be associated 
with the self-assembly mechanism. The changes at a certain wavelength in the cooling curve 
of the bolaamphiphile solutions can be plotted and fitted to a sigmoidal curve for PEtOx11-
OPE-PEtOx11 and PEtOx16-OPE-PEtOx16, indicating an isodesmic mechanism for the 
aggregation process.165 On the other hand, for PEtOx6-OPE-PEtOx6 a clearly non-sigmoidal 
shape is observed, which can be fitted to a nucleation-elongation model as developed by 
Meijer and coworkers.166, 167 
The different bolaamphiphiles were further investigated via TEM and DLS, 
confirming the assembly mechanism. For the isodesmic mechanism the equilibrium constant 
for all binding events is equal, therefore spherical assemblies are expected and confirmed via 
TEM (Figure 18). For PEtOx6-OPE-PEtOx6 a cooperative mechanism is suspected, while 
anisotropic platelets, with a length of several μm length and several hundreds of nm in width, 
are observed by TEM. After the nucleation step in the mechanism an elongation of the 
 
Self-Assembly of Polymers in Selective Solvents 
51 
assembly by further addition of PEtOx6-OPE-PEtOx6 to the nucleus occurs over a certain 
period of time (Figure 18). 
 
Figure 18: Isodesmic and cooperative mechanism for the aqueous self-assembly of PEtOxx-OPE-
PEtOxx and TEM micrographs for spherical assemblies in case of PEtOx11/16-OPE-PEtOx11/16 
and platelets for PEtOx6-OPE-PEtOx6 in aqueous media. 
As conclusion we were able to obtain PEtOxx-OPE-PEtOxx with three different 
lengths of PEtOx (DP = 6, 11, 16) attached to the OPE unit. We were able to switch between 
an isodesmic assembly mechanism for PEtOx11/16-OPE-PEtOx11/16, while shortening of the 
PEtOx chain in case of PEtOx6-OPE-PEtOx6 clearly leads to a cooperative self-assembly 
mechanism in water, which is controlled by hydrophobic interactions. 
Recent investigations show that pH-responsive units in the side chain of the attached 
solubilizing polymers might also increase the complexity of such materials, but may pave the 
way towards self-sorting systems.168, 169 
In our case of PEtOx side chains a partial hydrolysis to poly(ethylenimine) (PEI) can be 
achieved, a pH-responsive polymer.170 Via this, we might be able control the assembly not 
only by the length of the polymer chain, but also via the choice of the pH, leading to 
protonation or deprotonation of the side chains. 
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3.2 Linear Diblock Copolymers in Selective Solvents 
 
Parts of this chapter will be/have been published: P4) Rudolph, T.; Nunns, A.; Schwenk, A. 
M.; Schacher, F. H., Polym. Chem., 2015, 6, 1604-1612; P5) Rudolph, T.; Nunns, A.; Stumpf, 
S.; Pietsch, C.; Schacher, F. H.; submitted. 
 
 
Manners and coworkers introduced “living crystallization-driven supramolecular 
polymerization” of organometallic block copolymers based on poly(ferrocenylsilane)s 
(PFS).95, 110, 112, 171-173 Here, semi-crystalline PFS is the core-forming block in selective 
solvents, often resulting in anisotropic platelet- or rod-like morphologies, while various 
corona-forming blocks were used.108, 174-176 
In this study the influence of the composition of the block copolymer on the resulting 
morphology in selective solvents was investigated. We aimed for ratios of 90/10, 70/30 and 
50/50 wt.% for block copolymers of PFDMSx-b-POxy. As a second point, beside the variation 
of the ratio between PFDMS and POx, EtOx (amorph) and iPrOx (semi-crystalline, reported 
crystallization upon heating in water), were chosen as second block, forming amphiphilic 
block copolymers. 
After the synthesis and purification of the block copolymers, different compositions were 
dissolved in a non-selective solvent, dichloromethane (DCM), and added dropwise into 
acetone (selective solvent for PFS). The solutions were allowed to stir over night, while 
increasing turbidity indicated aggregation, forming a semi-crystalline PFDMS core and a 
solubilizing POx corona. After drop casting of the solutions onto TEM grids the aggregates 
were investigated via transmission electron microscopy (Figure 19). Depending on the ratio of 
PFDMS/POx, the TEM micrographs show sheets (90/10 wt.%), vesicles (70/30 wt.%), or rod-
like structures (50/50 wt.%), while no difference was observed between PEtOx and PiPrOx 
based PFDMSx-b-POxy block copolymers. 
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Figure 19: TEM micrographs for block copolymers with different ratios of PFDMS and POx in 
acetone (0.5 mg mL-1),: sheet-like structures for PFDMS80-b-PEtOx20 (92/8 wt.%; A), PFDMS80-
b-PiPrOx24 (88/12 wt.%; B); vesicular morphologies for PFDMS80-b-PEtOx80 (71/29 wt.%; C), 
PFDMS80-b-PiPrOx75 (70/30 wt.%; D); rod-like structures for PFDMS30-b-PEtOx80 (47/53 wt.%; 
E), PFDMS30-b-PiPrOx75 (46/54 wt.%; F). 
PFDMSx-b-PiPrOxy block copolymers are potential materials for the formation of 
double crystalline block copolymers. The crystallization of PiPrOx can be achieved in the 
bulk by heating the sample to elevated temperatures or heating PiPrOx in aqueous solution 
above the lower critical solution temperature (LCST).19, 177 Schlaad and coworkers claim a 
combination of oriented dipolar interaction and non-hydrophobic interactions as driving force 
for the crystallization at elevated temperatures for PiPrOx homopolymers.178 PFDMSx-b-
PiPrOxy (50/50 wt.%) was investigated via X-ray scattering at different temperatures 
concerning the crystallinity of the block copolymer. As can be observed in wide-angle x-ray 
scattering (WAXS), the presence of the characteristic reflections of PFDMS occurs already at 
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20 °C, while the corresponding reflections for the PiPrOX segment increase during the 
annealing process at 100 °C, as the signal for the PFDMS remains constant (Figure 20C). 
After the investigation in the bulk, the block copolymer PFDMSx-b-PiPrOxy (50/50 wt.%), 
which formed rod-like structures in acetone, was transferred from acetone into water, while 
the integrity of the rods was investigated via electron microscopy (TEM and SEM). 
Sequential heating of the sample in water for several hours leads to temperature-induced 
crystallization of PiPrOx, thereby embedding the PFDMS rods in a semi-crystalline matrix of 
PiPrOx (Figure 20A). 
 
Figure 20: A) Sequential crystallization of PFDMS by solvent-induced crystallization in acetone, 
and transfer of the rod-like structures into water, and the sequential crystallization of PiPrOx 
forming double crystalline material; B) comparison of WAXS measurements for the block 
copolymer before (black trace) and after annealing at different temperature in the bulk; C) 
TEM micrograph of cylindrical micelles of block copolymer after transfer from acetone into 
aqueous solution. 
In aqueous solution the crystallization was also indicated by the formation of larger 
structures, presumably due to uncontrolled agglomeration and precipitation. Investigations of 
these aggregates via SEM confirmed the assumption of the formation of PFDMS rods in a 
PiPrOx matrix as is shown in Figure 20A.  
Up to now, we were not able to demonstrate the crystallinity of both blocks after hierarchical 
self-assembly in solution, which might be due to a very thin layer on the crystalline surface of 
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PFDMS or incomplete crystallization of PiPrOx. Therefore, a second rod-forming block 
copolymer PFDMSx-b-PiPrOxy (30/70 wt.%) is currently under investigation. 
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3.3 Star-Shaped Polymers by Supramolecular Host-Guests Interactions 
 
Parts of this chapter have been published: P3) Schmidt, B.V.K.J.; Rudolph, T.; Hetzer, M.; 
Ritter, H.; Schacher, F. H.; Barner-Kowollik, C.; Polym. Chem., 2012, 3, 3139-3145. 
 
 
Complex architectures by host/guest interactions can be achieved by, e.g., a combination 
of cyclodextrine and adamantyl functionalities.179 We were interested in the synthesis of star-
shaped polymers by host/guest-interactions between adamantyl-functionalized polymers with 
different molar mass and a cyclodextrine-functionalized (CD) star-shaped trilinker. 
Adamantyl-functionalized polymers of N,N-dimethylacrylamide (DMAAm) and N,N-
diethylacrylamide (DEAAm) were synthesized via RAFT polymerization using an adamantyl-
functionalized chain transfer agent. The polymers were investigated concerning the 
functionality and molar mass by NMR and SEC. As second motif a trilinker was obtained by 
the CuAAC click reaction between azide-modified cyclodextrine units (CD) and 
tripropargylamine. 
In a subsequent investigation the formation of star-shaped polymers by self-assembly 
of the complementary motifs in solution was investigated (Figure 21A). The successful 
inclusion was mostly investigated by ROESY-NMR in D2O by correlations between the 
signals of cyclodextrine and adamantyl. For first measurements via DLS the individual 
compounds were investigated in H2O and D2O. All polyacrylamides seemed to have lower 
solubility in H2O in comparison to D2O. Improved solubility might also lead to an increased 
accessibility of the adamantyl moiety for the inclusion process with CD.  
The two building motifs for the supramolecular star-shaped polymers, PDMAAm (or 
PDEAAm) and the CD-trilinker, were dissolved in stoichiometric amounts in D2O, stirred for 
24 hours and investigated via DLS. The corresponding size distributions indicate a clear shift 
for the hydrodynamic radius (Rh) from the linear to the star-shaped polymer. In case of 
PDAAm143-Ad (Mn,GPC = 14 600 g mol-1) an apparent hydrodynamic radius of 2.5 nm was 
obtained, while the CD-based trilinker showed a Rh of 1.3 nm (Figure 21B). After mixing of 
the individual macromolecular building blocks, a supramolecular star-shaped polymer with a 
hydrodynamic radius of 3.7 nm was observed, which was stable in solution over several 
days.134 
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Figure 21: A) Supramolecular star-shaped polymers by host-guest inclusion complex formation 
between a CD functionalized trilinker and adamantyl functionalized polymers; B) comparison of 
number-weighted size distributions for PDMAAm143-Ad (dashed line), the CD-trilinker (dotted 
line) and the resulting supramolecular star polymer (red line); C) comparison of number-
weighted size distributions for PDEAAm87-Ad (dashed line), the CD-trilinker (dotted line) and 
the resulting supramolecular star polymer (red line); D) turbidity measurements for 
PDEAAm87-Ad (black line), the supramolecular star polymer (red line) and mixtures of 
PDEAAm87-Ad and CD (blue line). 
Further, the thermo-responsive polymer PDEAAm87-Ad was used for the formation of 
star-shaped assemblies. PDEAAm materials show, depending on the molar mass and the 
respective endgroup, LCST in a temperature range of 25 to 40 °C.180-182 First, the formation of 
the star-assembly was shown via dynamic light scattering by an increase of the hydrodynamic 
radius from 2.4 nm to 3.8 nm (Figure 21C). Furthermore, the temperature responsiveness was 
investigated by turbidimetry measurements for linear and star-shaped PDEAAm polymers. 
For linear PDEAAm a cloud point temperature (Tcp) of 29 °C was determined while the star-
polymer shows a transition at 32 °C (Figure 21D). For linear PDEAAm with CD (no trilinker) 
a Tcp at 33.6 °C is observed, which can be explained by shielding of the hydrophobic 
adamantyl moiety by the CD and an increase in the hydrophilicity of the macromolecule. The 
Tcp for the star is in between both measurements, indicating an increase in solubility and 
decreasing conformational freedom at the same time. The sharp decrease of transmittance and 
the reproducibility of the transition are indications for the inclusion process and the inclusion 
of the CD-trilinker into the collapsed polymer coil. 
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Nevertheless, the formation of star-polymers in H2O was not observed, which might be due to 
decreased solubility and accessibility of the adamantyl endgroup, as has been described for 
poly(N-iso-propylacrylamide).183-185 
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4) Synthesis and Applications of Hybrid Materials 
             
 
 
 
 
 
For the formation of hybrid materials different approaches can be used: metal ions can 
be either embedded within a (block co-) polymer template by metal-polymer interactions or 
homogeneous coatings can be applied to nanoparticles by electrostatic adsorption of the 
introduction of suitable endgroups. The chapter is divided into: 
 
1) The synthesis of porphyrin-centered star-shaped polymers incorporating copper or 
iron ions (Chapter 4.1) 
 
2) The template-assisted loading of block copolymer micelles with nickel, followed 
by doctorblading, calcination, and the application of the resulting porous nickel 
oxide materials in photo-sensitizing experiments (Chapter 4.2) 
 
3) The formation of double crystalline triblock terpolymers for the selective 
complexation of NP and the directional crystallization of 1D hybrid materials 
(Chapter 4.3) 
 
4) The use of aminocellulose coated superparamagnetic NP for copper complexation 
and the subsequent ATRP of styrene (Chapter 4.4). 
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4.1 Metal ions Embedded into Porphyrin-Based Star Polymers 
 
Parts of this chapter have been published: P14) Rudolph, T.; Crotty, S.; Schubert, U. S.; 
Schacher, F. H.; e-Polymers, 2015, in press (DOI 10.1515/epoly-2015-0041). 
 
 
Macromolecular conjugation reactions between different building blocks have been 
extensively discussed in the chapters before. In addition, here the selective introduction of 
metal ions into a porphyrin cavity was investigated. Due to the planar nature of the porphyrin 
moiety upon inclusion of metal ions, such building blocks might be used in further assembly 
studies, similar to the OPE bolaamphiphiles described earlier (Chapter 3.1). Comparable 
reaction conditions for the CuAAC click reaction were applied to [TPP-TB]4 and PEtOx5-N3 
as established before (Figure 22A). Via this approach a direct inclusion of copper(II) ions 
during the CuAAC is observed, as by UV-Vis a collapse of two individual signals at 519 nm 
and 554 nm ([TPP-TB]4) into one broad absorption band at 542 nm is observed. This has been 
described for the complexation of metal ions in the center of the porphyrin cavity (Figure 
22B).186 For the expulsion of this ion from the cavity, the star-shaped porphyrin-centered 
PEtOx ([Cu-TPP-PEtOx5]4) is dissolved in pure sulphuric acid. The SEC traces for [Cu-TPP-
PEtOx5]4 and [TPP-PEtOx5]4 remain comparable (Figure 22C), while the absorption maxima 
of the porphyrin ([TPP-PEtOx5]4) return to its original position at 519 nm and 554 nm as 
observed for [TPP-TB]4 (Figure 22D).  
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Figure 22: A) Structure of [Me-TPP-PEtOx5]4; B) comparison of UV-Vis spectra for [TPP-TB]4 
(black dashed line) and [Cu-TPP-PEtOx5]4; C) comparison of SEC traces for PEtOx5-N3 (dashed 
line), [Cu-TPP-PEtOx5]4 (black line), [Fe-TPP-PEtOx5]4 (blue line), and [TPP-PEtOx5]4 (red 
line); D) comparison of UV-Vis spectra for [TPP-TB]4 (black dashed line), [Cu-TPP-PEtOx5]4 
(straight black line), [TPP-PEtOx5]4 (red line), and [Fe-TPP-PEtOx5]4 (blue line). 
 As an alternative metal ion, iron (III) was included within the porphyrin cavity. It was 
not possible to obtain [Fe-TPP-PEtOx5]4 from [Cu-TPP-PEtOx5]4 or [TPP-PEtOx5]4, therefore 
an iron-centered porphyrin ([Fe-TPP-TB]4) was synthesized and used instead of [TPP-TB]4. 
Afterwards, the CuAAC reaction was conducted and the star-polymer characterized after 
purification. By SEC a similar trend as for [Cu-TPP-PEtOx5]4 and [TPP-PEtOx5]4 was 
observed, while by UV-Vis the identical signal collapse could be found, indicating the 
presence of iron within the cavity. 
 In a further step the obtained star-polymers were also investigated concerning their 
composition via MALDI-TOF MS, confirming the presence of four PEtOx arms connected to 
a porphyrin center and the presence of different metal ions in the corresponding cavity. 
Via a combination of SEC, NMR, FT-IR, UV-Vis and MALDI-TOF MS we were able to 
confirm the synthesis of symmetrical porphyrin-centered star-polymers with PEtOx arms. 
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4.2 Porous Nickel Oxide Films via Block Copolymer Templating 
 
Parts of this chapter have been published: P13) Bräutigam, M.; Weyell, P.; Rudolph, T.; 
Dellith, J.; Krieck, S.; Schmalz, H.; Schacher, F. H.; Dietzek, B.; J. Mater. Chem. A, 2014, 2, 
6158-6166. 
 
 
 We investigated the loading capability of polystyrene-block-poly(2-vinylpyridine) 
diblock copolymer (PS-b-P2VP) micelles with nickel ions in solution. In a second step the 
nickel-loaded micelles were applied to a surface, calcinated (Figure 23) and investigated in 
dye sensitization experiments with coumarine 343, for a potential application in dye-
sensitized solar cells (DSSCs). 
Three polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) diblock copolymers with 
different composition, PS65-b-P2VP35230, PS68-b-P2VP3266, and PS75-b-P2VP25146, were used. 
The composition of the block copolymers is denoted in the subscripts in wt. % of the 
corresponding segment, while the superscripts denote the total molar mass of the diblock 
copolymer. The block copolymers were first investigated concerning their solution behavior 
in toluene via DLS.  
 
Figure 23: Synthetic route towards nanostructured NiOx; the addition of Ni2+ to a PS-b-P2VP 
block copolymer solution leads to the formation of micelles (i); increasing the Ni2+ concentration 
above a critical threshold leads to precipitation (ii); this precipitate is then spin coated onto a 
glass substrate and calcinated at 450 °C (iii); alternatively, the initial micellar solution after step 
(i) can be directly applied to a suitable substrate via spincoating (iv). 
Concentration dependent measurements of the diblock copolymers indicate the presence of 
unimers in toluene for PS68-b-P2VP3266 and PS75-b-P2VP25146, while PS65-b-P2VP35230 starts 
to agglomerate upon a concentration of 5 g L-1 (Figure 24A). The introduction of nickel ions 
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(Ni2+) through a stock solution of NiCl2 in ethanol leads to complexation of Ni2+ by the 
vinylpyridine units and the formation of micelles. Different equivalents of Ni-ions were added 
with respect to the vinylpyridine units in the corresponding block copolymer. With an 
increasing content of nickel, the obtained micelles start to grow in size (Figure 24C). The 
subsequent addition of nickel of more than 1 equivalent, leads to a blue precipitate (Figure 
24D), also indicated by larger size distributions in DLS experiments. 
 
Figure 24: A) Hydrodynamic diameter of PS65-b-P2VP35 (red spheres), PS68-b-P2VP32 (blue 
triangles), and PS75-b-P2VP25 (black squares) in toluene at different concentrations. B) DLS 
CONTIN plots of PS75-b- P2VP25 at different concentrations in toluene; C) DLS CONTIN plots 
for PS75-b-P2VP25 after the addition of different amounts of Ni2+: 0.1 eq. (8 nm), 0.4 eq. (40 nm), 
0.6 eq. (48 nm), 0.8 eq. (90 nm), 1.0 eq. (68 nm), and 1.3 eq. (14 nm, also a macroscopic 
precipitate was formed) at a constant block copolymer concentration of 10 g L-1; D) photograph 
of a vial containing a Ni2+–block copolymer mixture with 1.3 eq. Ni2+/VP. 
 According to the scope of this project, the synthesis of sub-100 nm NiOx nanoparticle 
synthesis, the micellar size should also stay below this value. Therefore, the best conditions 
were found for PS75-b-P2VP25146, as these micelles remained stable up to a Ni2+/2VP-ratio of 
0.8 equivalents. 
For the next step the micelles were deposited onto certain substrates and the substrate 
was heated up to 450 °C for the calcination process, forming NiOx-films (Figure 25A). The 
resulting materials were investigated by SEM concerning film thickness and surface 
roughness. As the resulting films from colloidally stable hybrid micelles were rather thin, 
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which limits their use in e.g. dye-sensitized solar cells, the precipitate with a much higher 
Ni2+-content was used for doctorblading onto the same substrates. The suspension was 
deposited and calcinated, leading to more homogeneous nickel oxide films (Figure 25B). The 
film thickness was adjusted by repeating the procedure three times, generating three layers 
and ending up at a film thickness of 1.4 μm according to SEM (Figure 25 C). 
 
Figure 25: A) SEM micrograph of PS75-b-P2VP25146 diblock copolymer micelles with 0.8 
equivalents of Ni2+ (top view); B) SEM micrograph of calcinated NiOx film; C) SEM micrograph 
of NiOx cross-section after three cycles of material deposition; D) comparison of cyclic 
voltammograms of a NiOx double film at four scan rates: 10, 20, 50 and 100 mVs-1; E) UV-Vis 
spectra of coumarine 343 (dotted), of a blank NiOx surface (solid), and the dye-senyitized NiOx 
surface (dashed). 
After establishing the route for obtaining homogenous and thick NiOx films, the 
electrochemical properties were tested by cyclic voltammetry (CV). The distinct double peak 
structure in both cycles originates from the oxidation of Ni(II) to Ni(III) and Ni(IV) (Figure 
25D). The observed half peak potentials are in a comparable range as the ones reported in 
literature.187 The porous films appear to be stable as no differences are observed upon the 
fourfold cycling of each scan rate (10, 20, 50, and 100 mVs-1). 
 In the last step the capability of the synthesized NiOx films as dye-sensitized 
electrodes was tested by loading the surface with coumarine 343. After washing the surface 
with acetonitrile, the surface was investigated by UV-Vis spectroscopy. A new signal at 
430 nm is observed, indicating the successful binding of the dye to the surface (Figure 25E). 
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This indicates the possibility of these nanostructured films as potential materials for 
photoelectrodes of dye-sensitized solar cells or (photo-) catalytic cells.  
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4.3 Double Crystalline Triblock Terpolymers for Metal Ion Complexation 
 
Parts of this chapter will be published: P6) Rudolph, T.; Hartlieb, M.; v. d. Lühe, M.; 
Schubert, U. S.; Hoeppener, S.; DAgosto,F.; Schacher, F.H.; in preparation. 
 
 
The triblock terpolymer polyethylene-block-poly(2-(4-((tert-
butoxycarbonyl)amino)butyl-2-oxazoline)-block-poly(2-iso-propyl-2-oxazoline) (PE35-b-
PBocAmOx15-b-iPrOx145) was designed for the formation of anisotropic hybrid materials. In 
the first step, spherical core-shell-corona micelles with a PE core, a PBocAmOx or poly(2-(4-
amino)butyl-2-oxazoline) (PAmOx) shell, and a PiPrOx corona are formed in aqueous media. 
PAmOx can be used for metal ion complexation, while directional crystallization of the 
PiPrOx corona by subsequent heating above the LCST enables the formation of anisotropic 
superstructures (Scheme 12).  
 
Scheme 12: Illustration of the triblock terpolymer synthesized in this study and the task of each 
segment involved. 
The material was synthesized by covalent linkage between azide functionalized 
poly(ethylene) (PE35-N3) and the linear diblock copolymer TB-PBocAmOx15-PiPrOx145 using 
CuAAC chemistry. After purification, the middle block was deprotected, obtaining PE35-
click-PAmOx15-PiPrOx145, containing a primary amine in the side-chain. The successful 
synthesis of the di- and triblock terpolymers was demonstrated by SEC, NMR, and FT-IR. 
After characterization of the copolymers, the solution behavior was investigated in detail. Due 
to the low solubility of the triblock terpolymers at room temperature, turbid solutions in DMF 
were obtained, while it turns clear upon heating to 120 °C (above the melting temperature of 
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PE). The heated solutions were cooled to room temperature and dialyzed for 3 days against 
water (3 500 MWCO), forming core-shell-corona micelles (Figure 26A). The formation of 
spherical micelles was proven by dynamic light scattering (DLS) and transmission electron 
microscopy (TEM; Figure 26C). Via DLS hydrodynamic radii of 17 nm for PE35-click-
PBocAmOx15-PiPrOx145 or 13 nm for PE35-click-PAmOx15-PiPrOx145 in aqueous solution 
(Figure 26B). The corresponding diblock copolymers: PBocAmOx15-b-PiPrOx145 and 
PAmOx15-b-PiPrOx145 led to Rh of 14 and 2 nm, respectively. 
 
Figure 26: A) Micelle formation of PE35-click-PAmOx15-b-PiPrOx145 or PE35-click-PBocAmOx15-
b-PiPrOx145 after heating and cooling in DMF; B) comparison of DLS size distributions for TB-
PBocAmOx15-b-PiPrOx145 (blue curve; <Rh> = 2 nm), TB-PAmOx15-b-PiPrOx145 (cyan curve; 
<Rh> = 13 nm), PE35-click-PBocAmOx15-b-PiPrOx145 (red curve; <Rh> = 17 nm), and PE35-click-
PAmOx15-b-PiPrOx145 (black curve; <Rh> = 14 nm); C) TEM micrograph for PE35-click-
PAmOx15-b-PiPrOx145 micelles in water (0.33 mg mL-1). 
In the next step, the temperature-induced crystallization of PiPrOx and the formation 
of fiber-like structures in solution as it has been described for linear PiPrOx was 
investigated.19, 178, 188 This grants access to anisotropic superstructures with a PE core, a 
potentially metal containing segment/domain as shell and a crystalline PiPrOx outer layer. 
These studies could be used as a foundation for the introduction/embedding of several other 
metal ions and the formation of “hybrid nanowires” on the basis of linear triblock 
terpolymers. Herefore, the micellar solutions were heated to 65 °C for 24 hours whilst 
monitoring both the scattering intensity and the hydrodynamic radii by DLS. In case of TB-
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PBocAmOx15-b-PiPrOx145 and PE35-click-PAmOx15-PiPrOx145, precipitation of the material is 
observed over time indicated by a decrease in the scattering intensity, while for the other two 
block copolymers the scattering intensity remains constant. TEM micrographs of the resulting 
solutions show for all samples fiber-like objects of several μm length, induced by the 
crystallization of PiPrOx (Figure 27). The width of the obtained fibers was investigated by 
grey scale analysis, leading to an average width of ≈ 50-70 nm for all samples (Table 6). Only 
in the case of PE35-click-PBocAmOx15-PiPrOx145, a much lower width of just 27 nm was 
observed. 
 
Figure 27: TEM micrographs for aggregates obtained from solution after 24 hours at 65 °C in 
water for: TB-PBocAmOx15-b-PiPrOx145 (A), TB-PAmOx15-b-PiPrOx145 (B), PE35-click-
PBocAmOx15-b-PiPrOx145 (C), and PE35-click-PAmOx15-b-PiPrOx145 (D) (0.33 mg mL-1). 
 The difference in the width might be due to differences in the crystallization process. 
For the diblock copolymers, the crystallization of PiPrOx is not influenced by the presence of 
PAmOx/PBocAmOx-content. For the triblock terpolymer PE35-click-PBocAmOx15-PiPrOx145 
with the highest hydrophobic content, the fusion of several initially spherical micelles can be 
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assumed. Here the core of the cylindrical micelles consists of a PE core and a PBocAmOx 
shell, while the crystallization of the PiPrOx corona leads to fixation of the superstructures in 
water (Figure 28A). On the other hand, PE35-click-PAmOx15-PiPrOx145 has an increased 
solubility in water due to the amine functionality, which carries positive charges in the 
corresponding segment. Therefore, we hypothesize an inversion of the core-shell-corona 
micelles upon heating, observing a mixed PiPrOx/PE core and a PAmOx corona, presumably 
as short, cationally charged loops (Figure 28B).  
 
Figure 28: Formation of anisotropic superstructure from spherical micelles for: A) PE35-click-
PBocAmOx15-PiPrOx145; B) PE35-click-PAmOx15-PiPrOx145. 
Table 6: Characterization of the block copolymers concerning the hydrophilic weight fraction, 
hydrodynamic radius (<Rh>) and crystal width. 
Polymer Hydrophilic 
fractiona 
[wt.%] 
<Rh>n,appb 
[nm] 
Crystal widthc 
[nm] 
TB-PAmOx15-b-PiPrOx145 100 2 52 +/- 12 
PE35-click-PAmOx15-b-PiPrOx145 95 14 71 +/- 15 
TB-PBocAmOx15-b-PiPrOx145 82 13 64 +/- 13 
PE35-click-PBocAmOx15-b-PiPrOx145 78 17 27 +/- 4 
a) Calculated from the block copolymer composition; b) DLS, CONTIN plot; c) average width size determined 
from TEM micrographs by grey-scale analysis. 
For PE35-click-PBocAmOx15-PiPrOx145 and PE35-click-PAmOx15-PiPrOx145 the 
selective embedding of Au NPs and Fe3O4 nanocrystals within the anisotropic superstructures 
was investigated.115, 189, 190 HAuCl4 was applied to the micellar solution of PE35-click-
PBocAmOx15-PiPrOx145 and PE35-click-PAmOx15-PiPrOx145 and stirred for 12 hours (in the 
dark). Afterwards the solutions were dialyzed against water for 2 day to remove any free 
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metal ions (under exclusion of light). The dialyzed solutions were clear, while the solution 
with PE35-click-PAmOx15-PiPrOx145 turned bluish as the solutions were exposed to sunlight 
or sodium borohydride (NaBH4) (Figure 29 B). This color change indicates the formation of 
gold nanoparticles in the case of PE35-click-PAmOx15-PiPrOx145, presumably due to the 
complexation of AuCl4--ions with the positively charged PAmOx. For the embedding of 
Fe3O4 nanocrystals (Rh,TEM = 6 nm) the micellar solutions were allowed to stir for 12 hours, 
before the solutions were heated up to 65 °C for the crystallization of PiPrOx. Investigating 
the resulting precipitate via TEM, fiber-like aggregates are observed for both triblock 
terpolymers (Figure 27). Higher magnification of the fibers indicate the presence of Au NPs 
(Figure 29C), and Fe3O4 (Figure 29D) on the surface of the fibers, confirming the assumption 
of inverse core-shell-corona micelles in case of PE35-click-PAmOx15-PiPrOx145 (Figure 29A; 
Figure 28B). 
 
Figure 29: A) Illustration of fibers for PE35-click-PAmOx15-b-PiPrOx145 and the complexation of 
metal nanoparticles; B) comparison of UV-Vis spetra for PE35-click-PAmOx15-b-PiPrOx145 
(black trace) and PE35-click-PAmOx15Au-b-PiPrOx145 (red trace); C-D) TEM micrographs of 
PE35-click-PAmOx15-b-PiPrOx145 fibers with: C) Au ions (reduced in-situ by NaBH4), E) Fe-NP 
(arrows indicate position of complexed material). 
 The next step would be an in-depth investigation of the crystallization of PiPrOx by a 
combination of DLS, TEM, SEM and X-ray scattering at different time intervals and 
concentrations. These materials are of potential interest for the formation of nano-fibers 
containing metal ions or nanoparticles in a certain domain of the fiber.   
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4.4 Hybrid Fe3O4@Amino Cellulose Nanoparticles in Organic Media: 
Heterogeneous Ligands for Atom Transfer Radical Polymerizations 
 
Parts of this chapter have been published: P12) Fidale, L.C.; Nikolajski, M.; Rudolph, T.; 
Dutz, S.; Schacher, F. H.; Heinze, T.; J. Colloid Interface Sci., 2012, 390, 25-33. 
 
 
The formation of hybrid materials between magnetic nanoparticles (MNP) and different 
polymer shells has been described in the literature for several examples such as 
carboxymethylated polysaccharide, dextran, polyvinylalcohol (PVA), or polydiacetylene.118-
121, 191 In this chapter the use of superparamagnetic iron oxide nanoparticles (Fe3O4) coated 
with amino cellulose of two different molar masses (Fe3O4@ACx, Figure 30A) is described. 
The corresponding nanoparticles were investigated concerning their composition via zeta-
potential measurements, thermogravimetry (TGA), and vibrating sample magnetometry 
(VSM), indicating the presence of a cellulose shell around the Fe3O4 core. In case of VSM 
measurements (Figure 30B) the magnetic properties of the nanoparticles, pristine and 
Fe3O4@ACx, show characteristics for superparamagnetic behavior, while the saturation 
magnetization decreases for the coated nanoparticles in comparison to the pristine samples. A 
decrease corresponds to the presence of nonmagnetic material on the surface of the NP, while 
the molar mass of the amino cellulose used for the coating did not influence the shell 
thickness, with respect to the accuracy of the measurement.192 Beside the coating of the 
nanoparticles, the use of such hybrid materials for metal complexation, due to the structural 
similarity of the amino cellulose to N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA), 
was investigated as a possible ligand in controlled polymerizations. In this case the 
Fe3O4@ACx were dispersed in N,N-dimethylacetamide (DMAC) together with styrene, 
copper bromide (CuBr), and ?-bromo-iso-butyrate under standard ATRP reaction conditions. 
Via this approach polystyrene with different molar mass and low dispersity indices (Ð) were 
synthesized and investigated via SEC and NMR (Figure 30C).  
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Figure 30: A) Amino cellulose and coated MNPs; B) comparison of magnetic hysteresis curves 
for MNP, MNP@AC50 and MNP@AC250; C) comparison of molar mass distributions for the 
ATRP of styrene in a first batch, and a second polymerization batch (straight line) with the same 
MNP@AC; D) images of reaction solutions after ATRP using MNP@AC (A) and PMDETA (B) 
as ligands. 
In a second approach, the copper was removed by separating the MNP@AC hybrid 
particles using a magnet (Figure 30D), and the supernatant solution was removed under inert 
atmosphere. Afterwards, a new stock solution of monomer and initiator was added to the 
reaction vial. In the next step the polymerization was performed again at similar reaction 
conditions. The second polymerization of styrene showed similar results for the obtained PS 
from the first batch, confirming the ability to reuse the cellulose-coated NP for a scavenger 
for copper ions and their use in the ATRP of styrene (Figure 30 C). After removal of the 
Fe3O4@ACx, the content of remaining copper in the obtained polymer is negligible (4.9 ppm), 
due to the stable complexation of the copper to the nanoparticles. 
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5) Summary 
             
 
 
 
 
 
Controlled polymerization techniques, either radical or ionic, are powerful tools for 
polymer synthesis and materials with defined functionalities in either side-chain or as 
endgroup. In addition, efficient and reliable techniques for post-polymerization linkage of 
polymer chains by endgroup functionalization have been developed, like e.g. cycloaddition 
reactions. In this thesis the copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction 
was chosen, whenever direct sequential polymerization of involved monomers was 
challenging or not possible at all. For this purpose the synthesis of alkyne- and azide-modified 
macromolecular building blocks was realized by functional initiators or termination agents as 
described in Chapter 2.1. The subsequent linkage of the building blocks into different 
macromolecular architectures was shown for low molecular weight bolaamphiphiles, linear 
diblock copolymers, triblock terpolymers, and star-shaped polymers (Scheme 13; Chapter 
2.1.4). 
 
Scheme 13: Formation of linear and star-shaped (block co-) polymers by CuAAC chemistry. 
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On the other hand, we were interested in the synthesis of side-chain functionalized 
polymeric materials using the following monomer units: 2-tert-butyl-2-oxazoline (t-ButOx; 
Chapter 2.2.1), furfuryl glycidyl ether (FGE; Chapter 2.2.2), and maleimide thiolactone 
(MITla; Chapter 2.2.3). 
For all monomers the homopolymerization, as well as the copolymerization was shown, and 
the resulting materials could be characterized by various techniques. In case of FGE 
containing block copolymers, controlled crosslinking of the FGE segment in solution by 
Diels-Alder (DA) reactions between the furan moieties and a bismaleimide was shown. This 
concept was further extended to block copolymer films as potentially self-healing surfaces. 
For this purpose, thin and homogenous films of the block copolymer were crosslinked, a 
scratch applied to the surfaces, and “healed” by retro-Diels-Alder (rDA) and subsequent DA 
reactions (Scheme 14).  
 
Scheme 14: Illustration of block copolymer design, and selective crosslinking in solution or block 
copolymer films. 
 In the second part, we focused on the self-assembly of different systems like 
bolaamphiphiles (Chapter 3.1), diblock copolymers (Chapter 3.2), and supramolecular star-
shaped polymers formed by host-guest chemistry (Chapter 3.3). 
For ABA bolaamphiphilies, containing an 1,4-bis[(4-ethynylphenyl)ethynyl]benzene (OPE; 
segment B) and two oligo(2-ethyl-2-oxazoline) based side chains with different chain length, 
the assembly mechanism in water was studied in detail. Two different aggregation 
mechanisms, isodesmic and cooperative, were found depending on the side-chain length. For 
the bolaamphiphiles with long side chains an isodesmic aggregation mechanism to small 
spherical aggregates was found, while in case of short side chains a cooperative aggregation 
towards plate-like aggregates occurred (Scheme 15). 
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Scheme 15: Illustration of isodesmic and cooperative assembly mechanism for ABA 
bolaamphiphiles. 
 In the last part, the synthesis and formation of hybrid materials is shown by either the 
selective introduction of metals into certain domains of nanostructured materials or via metal 
complexation, e.g. within a porphyrin cavity (Chapter 4.1) or within triblock terpolymer 
micelles (Chapter 4.3). On the other hand, the template-assisted formation of nanoporous 
NiOx films by block copolymer templating and subsequent calcination (Chapter 4.2) the use 
of core/shell hybrid nanoparticles as heterogeneous ligands for the ATRP of styrene was 
demonstrated (Chapter 4.4).  
By using a suitably designed ABC triblock terpolymer, we were able to demonstrate a new 
strategy for the formation of hybrid nanowires via a combination of metal complexation and 
directional crystallization. Both Au NPs and Fe3O4 nanocrystals could be selectively loaded 
into one domain of (poly(2-(4-amino)butyl-2-oxzaoline)) and the subsequent crystallization of 
the poly(2-iso-propyl-2-oxazoline) corona led to the formation of macroscopic aggregates by 
directional crystallization (Figure 31).  
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Figure 31: Illustration of sequential temperature induced crystallization of spherical micelles 
towards anisotropic superstructures in aqueous solution; TEM micrographs for spherical 
(before heating) and anisotropic superstructures obtained after heating. 
In a “bottom-up” approach, this thesis showed the synthesis of functional 
macromolecular building blocks (endgroup and side-chain functionalized), their covalent 
linkage into different macromolecular architectures and, finally, self-assembly into 
hierarchical superstructures or hybrid materials.  
The different systems demonstrated in this work combine (block co-) polymer design, 
functionalization, and self-assembly. Whilst in all cases bottom-up approaches are shown, 
materials with potential for application as coatings, sensors, or molecular electronics could be 
generated. 
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6) Zusammenfassung 
             
 
 
 
 
 
Kontrollierte Polymerisationstechniken, radikalischer oder ionischer Art, sind 
geeignete Methoden für die Herstellung von Polymeren aus verschiedenen Monomeren und 
die Gewinnung von funktionalisierten Materialien, welche in den letzten Jahrzehnten 
weiterentwickelt wurden. Zudem können nachträgliche Verknüpfungen von Polymeren durch 
Einführung funktioneller Endgruppen und effizienter Reaktionen, wie zum Beispiel die 
Cycloaddition, erreicht werden. In dieser Arbeit wurde auf die sogenannte kupfer-katalysierte 
Azid-Alkin Cycloadditionsreaktion (CuAAC) zurückgegriffen, sobald eine direkte 
Copolymerisation von unterschiedlichen Monomeren schwierig oder nicht realisierbar war. 
Hierfür wurden Alkin- oder Azid-funktionalisierte makromolekulare Bausteine durch 
funktionelle Initiatoren oder Terminierungsreagenzien, wie in Kapitel 2.1 beschrieben, 
hergestellt. Deren nachgeschaltete Verknüpfung wurde an Beispielen von niedermolekularen 
ABA Bolaamphiphilen, linearen Diblockcopolymeren, Triblockterpolymeren und auch 
sternförmigen Polymeren gezeigt (Schema 16; Kapitel 2.1.4). 
 
Schema 16: Darstellung der Herstellung von linearen und stern-förmigen (Co-) 
Polymeren mittels CuAAC. 
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Neben der Endgruppenfunktionalisierung wurde auch die Synthese von seitenketten-
funktionalisierten Copolymeren mit folgenden Monomeren verfolgt: 2-tert-Butyl-2-Oxazolin 
(tButOx; Kapitel 2.2.1), Furfurylglycidylether (FGE; Kapitel 2.2.2) und Maleimide 
thiolactone (MITla; Kapitel 2.2.3). 
Für alle Monomere wurde sowohl die Homopolymerisation, als auch die Copolymerisation 
gezeigt und die erhaltenen Materialien mittels unterschiedlicher Methoden untersucht. Im 
Falle von FGE basierten Blockcopolymeren konnte die kontrollierte Vernetzung von FGE 
Segmenten in Lösung mittels Diels-Alder (DA) Reaktion zwischen Furan und Bismaleimiden 
gezeigt werden. Dieses Konzept wurde ferner auf Blockcopolymer-Filme erweitert, um 
potentiell selbstheilende Oberflächen zu generieren. Hierfür wurden dünne homogene Filme 
des Blockcopolymers vernetzt, ein Kratzer auf der Oberfläche zugeführt und dieser über Retro 
Diels-Alder (rDA) und DA Reaktionen wieder verschlossen (Schema 17). 
 
Schema 17: Darstellung eines Konzepts von Blockcopolymer-Design, über selektive 
Vernetzung in Lösung und in fester Phase (Filmen). 
 Im zweiten Teil wurde das Assemblierungsverhalten von ABA Bolaamphiphilen 
(Kapitel 3.1), Diblockcopolymeren (Kapitel 3.2) und sternförmige Polymeren mittels Wirts-
Gast Einschlussverbindung (Kapitel 3.3) in Lösung untersucht. 
Für ABA Bolaamphiphile, basierend auf 1,4-bis[4 ethynylphenyl)ethynyl]benzene (OPE, 
Segment B) und zwei Seitenketten aus 2-Ethyl-2-oxazolin-Oligomeren (EtOx; Segment A) 
mit verschiedenen Kettenlängen, konnte gezeigt werden, dass sich der 
Assemblierungsmechanismus in Wasser unterschiedlich darstellt. In Abhängigkeit ihrer 
Kettenlänge konnte zwischen einem isodesmischen und einen cooperativen Mechanismus 
unterschieden werden. Dies äußert sich durch die Ausbildung von sphärischen Aggregaten für 
lange Seitenketten (isodesmischer Prozess) und plättchenartigen Aggregaten, resultierend aus 
einem kooperativer Mechanismus, bei kurzen Seitenketten (Schema 18). 
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Schema 18: Darstellung des isodesmischen und kooperativen 
Assemblierungsmechanismus von ABA Bolaamphiphilen. 
Im letzten Teil der Arbeit stand die Synthese von Hybridmaterialien, entweder durch 
das selektive Einbringen von Metallen in ausgewählte Bereiche der Nanostrukturen oder 
durch Komplexierung von Metallionen. Letzteres wurde an den Beispielen von Porphyrin 
(Kapitel 4.1) und Triblockterpolymer Mizellen (Kapitel 4.3) gezeigt. Während 
Metall/Polymer-Hybride durch Diblockcopolymer-Mizellen zur Herstellung von NiOx Filme 
verwendet wurden (Kapitel 4.2) oder Polymer/Nanopartikel-Systeme als heterogener 
Liganden für die ATRP von Styrol verwendet wurden (Kapitel 4.4). 
Des Weiteren konnte durch ein geeignetes Polymerdesign von ABC Triblockterpolymere ein 
neuer Weg zur Herstellung von potentiellen Hybrid Nanodrähten gezeigt werden, da sie 
sowohl zur Metallkomplexierung, als auch zur gezielten Kristallisation geeignet sind. Gold-
Nanopartikel, als auch Fe3O4-Nanokristalle konnten selektiv in den Bereich von Poly(2-(4-
amino)butyl-2-oxazolin) eingebracht werden, während in der nachgeschalteten Kristallisation 
der Poly(2-iso-propyl-2-oxazolin)-Korona zur Ausbildung von makroskopischen Aggregaten 
führte (Abbildung 32). 
 
Zusammenfassung 
80 
 
Abbildung 32: Darstellung der anschließenden Temperatur-induzierten Kristallisation 
von sphärischen Mizellen zu anisotropen Überstrukturen in Wasser; TEM Aufnahmen 
sphärischer (vorm Heizen) und Überstrukturen die nach dem Heizen beobachtet 
wurden. 
 Im Zuge des „Bottom-up“-Ansatzes konnte innerhalb dieser Arbeit die Synthese von 
funktionalisierten Polymeren (Endgruppen- und Seitengruppen-funktionalisiert), deren 
Verknüpfung zu verschieden Architekturen und zuletzt die Ausbildung zu hierarchischen 
Überstrukturen oder zu Hybridmaterialien zusammengefasst werden.  
Die verschiedenen gezeigten Systeme dieser Arbeit vereinen (Blockco-) Polymer-Design, 
Funktionalisierung und Selbstassemblierung. Obwohl in allen Fällen „Bottom-up“-Ansätze 
verfolgt wurden, konnten Materialien zur potenziellen Anwendung in Beschichtungen, 
Sensorik oder Nanoelektronik realisiert werden. 
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8) List of Abbreviations 
             
 
 
 
 
 
AC  Amino cellulose 
Ada  Adamantyl functionalized polymer 
AGE  Allyl glycidyl ether 
AIBN  Azo-bis-(isobutyronitrile) 
AROP  Anionic ring opening polymerization 
ATRP  Atom transfer radical polymerization 
BocAmOx 2-(4-((tert-butoxycarbonyl)amino)butyl-2-oxazoline 
BuLi  Butyl lithium 
CD  ?-Cyclodextrine 
CHCl3  Chloroform 
CRP  Controlled radical polymerization 
CROP  Cationic ring opening polymerization 
CuAAC Copper-catalyzed azide-alkyne cycloaddition 
CuBr  Copper(I) bromide 
Ð  Dispersity index 
D2O  Deuterium oxide 
DA  Diels-Alder 
DCM  Dichloromethane 
DLS  Dynamic light scattering 
DMAC Dimethylacetamide 
DMF  Dimethylformamide 
DMSO  Dimethylsulfoxide 
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DP  Degree of polymerization 
DPE  Diphenylethylene 
DPMK  Diphenylmethyl potassium 
DSC  Differential scanning calorimetry 
EA  Elemental analysis 
EO  Ethylene oxide 
EtOx  2-Ethyl-2-oxazoline 
Fe3O4  Ironoxide 
FGE  Furfuryl glycidyl ether 
FT-IR  Fourier transformed infrared 
H2O  Water 
iPrOx  2-iso-propyl-2-oxazoline 
LCST  Lower critical solution temperature 
MALDI-TOF Matrix-assisted laser desorption/ionization time of flight 
MAN  Maleic anhydride 
MS  Mass spectrometry 
MITla  Maleimide thiolactone 
MNP  magnetic nanoparticle 
N3  Azide 
NiOx  Nickel oxide 
NIPAAm N-iso-propylacrylamide 
NMP  Nitroxide-mediated polymerization 
NMR  Nuclear magnetic resonance 
NP  Nanoparticle 
OPE  1,4-bis[(4-ethynylphenyl)ethynyl]benzene 
P2VP  Poly(2-vinylpyridine) 
PAmOx Poly(2-(4-amino)butyl-2-oxazoline) 
PBocAmOx Poly(2-(4-((tert-butoxycarbonyl)amino)butyl-2-oxazoline) 
PDMAAm Poly(N,N-dimethylacrylamide) 
PDEAAm Poly(N,N-diethylacrylamide) 
PE  Polyethylene 
PEO  Poly(ethylene oxide) 
PEG  Poly(ethylene glycol) 
PEtOx  Poly(2-ethyl-2-oxazoline) 
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PFS  Poly(ferrocenyl silane) 
PFDMS Poly(ferrocenyldimethylsilane) 
PFGE  Poly(furfuryl glycidyl ether) 
PiPrOx Poly(2-iso-propyl-2-oxazoline) 
POx  Poly(2-alkyl-2-oxazoline) 
PMDETA N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 
PS  Polystyrene 
PtButOx Poly(2-tert-butyl-2-oxazoline) 
RAFT  Reversible addition-fragmentation chain transfer 
rDA  Retro-Diels-Alder 
SAXS  Small angle x-ray scattering 
SEC  Size exclusion chromatography 
SEM  Scanning electron microscopy 
SLS  Static light scattering 
Tcp  Cloud point temperature 
Tg  Glass transition temperature 
Tm  Melting temperature 
TB  Trible bond 
TB-Ts  Propargyl p-toluenesulfonate 
tButOx 2-tert-butyl-2-oxazoline 
TEA  Triethylamine 
TEM  Transmission electron microscopy 
TGA  Thermogravimetric analysis 
THF  Tetrahydrofuran 
TPO  2,4,6-Trimethylbenzoyldiphenylphosphine oxide (Lucirin TPO; BASF) 
TPP  5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphine 
Ts  Tosylate 
WAXS Wide angle x-ray scattering 
wt.%  Weight fraction 
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Controlling Aqueous Self-Assembly Mechanisms by Hydrophobic
Interactions
Tobias Rudolph,[a] Naveen Kumar Allampally,[b] Gustavo Fernndez,*[b] and
Felix H. Schacher*[a]
Abstract: We report an innovative template-assisted syn-
thetic protocol for the selective functionalization of termi-
nal triple bonds in oligophenyleneethynylenes (OPE) by
pre-organization in aqueous solution. By this approach,
three new OPE-based bolaamphiphiles substituted with
hydrophilic poly(2-ethyl-2-oxazoline) (PEtOx) chains of dif-
ferent length have been synthesized. The chain length
was observed to strongly influence the aqueous supra-
molecular polymerization: bolaamphiphiles with longer
hydrophilic chains aggregate into spherical nanoparticles
in a stepwise fashion, whereas 2D anisotropic platelets are
formed cooperatively if shorter PEtOx chains are used. Our
results demonstrate that hydrophobic interactions can be
strong enough to trigger cooperative effects in aqueous
self-assembly processes.
Living systems extensively exploit various non-covalent interac-
tions to create adaptive and multifunctional anisotropic self-as-
sembled structures, such as the intracellular biopolymer scaf-
folding that is present in all cells, the cytoskeleton.[1] The
degree of order of such systems is largely dependent on the
mechanism followed by their constitutive repeating units to
self-assemble.[2] If the equilibrium constant for all binding
events is equal (isodesmic mechanism), random-coil supra-
molecular polymers without internal order are formed.[3] In
contrast, two-state cooperative (nucleation–elongation) path-
ways[2,3] lead to the formation of highly organized structures
when a certain activation step (nucleation) has been overcome.
Hierarchical supramolecular polymers in organic media based
on cooperative p–p interactions and hydrogen bonding,[4]
metal–ligand,[5] dipolar,[6] ionic,[7] or metal–metal interactions[8]
have been reported. Controlling noncovalent interactions in
water, however, is certainly more challenging[9] and to date, co-
operative aqueous self-assembly has been accomplished by in-
troducing additional noncovalent forces, that is, hydrogen
bonding, to already existing hydrophobic interactions.[10]
Herein, we demonstrate that aqueous supramolecular poly-
merization mechanisms can be exclusively controlled by
tuning the balance between hydrophobic and hydrophilic frag-
ments of the underlying building blocks. The systems under
scrutiny (1–3) feature a hydrophobic p-conjugated oligopheny-
leneethynylene (OPE)-based segment functionalized with hy-
drophilic azide-substituted poly(2-ethyl-2-oxazoline) (PEtOxx-N3)
side groups of variable length (Figure 1). Our motivation to
design these systems is two-fold: 1) the high degree of pre-or-
ganization and excellent optical properties of OPEs[11] should
ensure a predictable self-assembly through p–p and hydropho-
bic interactions that can be readily monitored by various spec-
troscopic techniques and 2) PEtOx groups combine the high
solubility, biocompatibility, and similar “stealth effect” as poly-
ethylene glycol (PEG)[12] and the possibility to balance solvo-
philic/solvophobic interactions as demonstrated for block co-
polymers[13] in selective solvents. The OPE-based aromatic frag-
ment (1,4-bis[(4-ethynylphenyl)ethynyl]benzene) has been syn-
thesized according to literature procedures,[14] whereas the cor-
responding PEtOxx-N3 precursors (x=6, 11, 16) with different
molar mass and low dispersity indices (; <1.2) have been ob-
tained by microwave-assisted cationic ring-opening polymeri-
zation (CROP) of EtOx (for synthetic details see Scheme S1 and
Table S1 in the Supporting Information). The attachment of the
PEtOx side groups to the hydrophobic OPE fragment was ac-
complished by copper-catalyzed azide–alkyne cycloaddition
(CuAAC) click chemistry,[15] which is a widely used procedure
for the synthesis of monomers,[16] polymers,[17] post-polymeri-
zation modification reactions,[18] and various polymeric archi-
tectures.[19] However, typical CuAAC reaction conditions in THF
or DMF at room temperature or elevated temperatures
(~80 8C) generated a significant amount of undesired side
products, as both internal and terminal alkyne functionalities
seem to participate in the reaction (see Figure S2 in the Sup-
porting Information).[20] To circumvent this problem, we envis-
aged that the pre-organization of the OPE precursor by means
of self-assembly in a selective solvent mixture would hinder
the reactivity of internal triple bonds and enable the selective
functionalization of the terminal alkynes. To that end, we dis-
solved the OPE precursor in THF and added water until a slight
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turbidity was observed (~4:1, v/v, THF/H2O), which is indicative
of aggregate formation (Figure 1a). Transmission electron mi-
croscopy (TEM) studies demonstrate the formation of sheet-
like aggregates of several hundred nanometers width (Figur-
es 1b and S6) in which the internal alkyne groups are most
likely located within the interior of the structure,[21] whereas
the more polar terminal triple bonds are exposed to the aque-
ous medium. This has been confirmed by the fact that only
the desired PEtOxx-OPE-PEtOxx (x=16 (1), x=11 (2), x=6 (3))
bolaamphiphiles are obtained in good yields (>75%) upon
treatment with PEtOxx-N3, CuBr, and N,N,N’,N’,N’’-pentamethyl-
diethylenetriamine in the microwave synthesizer at 808C for
10 min (see Figures 1c and Figures S3–5 in the Supporting In-
formation for characterization details). Well-defined bolaamphi-
philes 1–3 have been characterized by 1H- and 13C-NMR, FTIR,
and size exclusion chromatography (SEC, see Table S1 in the
Supporting Information).
The influence of the length of the attached PEtOx chains on
the self-assembly of PEtOxx-OPE-PEtOxx 1–3 in solution has
been investigated by using a combination of UV/Vis, fluores-
cence, dynamic light scattering (DLS), and TEM experiments.
All materials are present in the monomeric state in both THF
and CHCl3, showing p–p absorption maxima around 343 nm
and a shoulder at 366 nm (Figures 2a, c and Figure S7 in the
Supporting Information). Aggregation can now be induced by
adding different amounts of water to the corresponding solu-
tions of 1–3 in THF. For the derivative with the longest side
chains (PEtOx16-OPE-PEtOx16, 1), aggregation only occurs if
pure water is used as the solvent, as evidenced by a broaden-
ing and blue-shift of the absorption maximum from 343 to
328 nm (Figure 2a). Emission studies in various THF/water mix-
tures show a noticeable drop-off in the fluorescence intensity
only in pure water (Figure 2b), which hints towards the associ-
ation of the aromatic segments.[22] On the basis of both ab-
sorption and emission experiments, the longer and water solu-
ble PEtOx chains of 1 appear to counterbalance the propensity
of the short OPE fragment to self-assemble through p–p and
hydrophobic interactions, thereby yielding highly water soluble
assemblies. Comparable results are observed for PEtOx11-OPE-
PEtOx11 (2) featuring slightly shorter PEtOx chains (see Fig-
ure S7 in the Supporting Information), in which a slightly in-
creased fluorescence quenching in water compared to 1 is ob-
served. On the other hand, for the amphiphilic system with the
shortest hydrophilic PEtOx side chains (PEtOx6-OPE-PEtOx6, 3),
aggregates are formed even in the presence of 10% of THF as
a result of increased hydrophobic interactions (Figure 2c).[23] In
addition, the fluorescence quenching is significantly increased
compared to 1 and 2 and the emission band spreads up to
~600 nm (Figure 2d), which suggests a distinctly different ag-
gregation behavior than in both other cases.
To ascertain whether this assumption holds true, we have in-
vestigated the self-assembly mechanisms of all materials in
water. Figure 3a shows temperature-dependent UV/Vis spectra
of an aqueous solution of PEtOx16-OPE-PEtOx16 (1) at 2.4
105m between 358 and 278 K. Upon cooling from a molecular-
ly dissolved state at a rate of 1 Kmin1, spectral changes asso-
ciated with the formation of self-assembled species can be ob-
served, such as a broadening of the transitions at 333 and
368 nm (Figure 3a). The presence of isosbestic points at 363
and 305 nm confirms that the process is thermodynamically re-
versible under these conditions. A cooling curve is monitored
from 358 to 278 K at 320 nm, which can be clearly fitted to
a Boltzmann function, confirming that the self-assembly of
1 follows an isodesmic (non-cooperative) mechanism (Figur-
es 3b and S8 in the Supporting Information).[24] All thermody-
namic parameters are listed in Table 1. Each event in the self-
assembly process is occurring with a binding constant of 9.6
104m1 (Table 1). For PEtOx11-OPE-PEtOx11 (2), a similar behavior
has been observed, although the value of the binding constant
is considerably higher (3.6106 m1, Table 1) as a result of in-
Figure 1. a) Synthetic scheme and strategy followed to obtain the targeted
PEtOxx-OPE-PEtOxx amphiphiles 1–3 by selectively pre-organizing the termi-
nal alkyne groups. b) TEM micrograph showing the sheet-like structures
formed by the OPE starting material in THF/H2O (4:1, v/v, 2.5 mgmL
1) on
a carbon-coated copper grid. c) Comparison of SEC traces for 1–3.
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creased hydrophobic interactions (see Figure S9 in the Sup-
porting Information).
Interestingly, the behaviour of PEtOx6-OPE-PEtOx6 (3), exhib-
iting the highest hydrophobic character of the series, turned
out to be entirely different. Figure 3c shows the temperature
dependent UV/Vis spectra of an aqueous 6106m solution of
3. Upon cooling a monomer solution from 358 to 278 K at
a rate of 1 Kmin1, different
spectral changes are observed.
For instance, the absorption
maximum is shifted from 335 to
330 nm along with two clear iso-
sbestic points at 308 and
367 nm, again confirming ther-
modynamic equilibrium between
monomeric and self-assembled
species (Figure 3c). However, the
shoulder present in the case of
1 and 2 at 365 nm becomes
now less pronounced (Figure 3c),
which suggests a distinct ar-
rangement of the OPE segments
in the aggregated state.[25] In ad-
dition, the cooling curve extract-
ed from temperature-dependent
studies at 320 nm is clearly non-
sigmoidal in shape, which is
characteristic of a cooperative
self-assembly process.[2] The
curve can be unambiguously
fitted to a nucleation–elongation
model developed by ten Eikeld-
er, Markvoort, Meijer, and co-workers[26] (Figure 3d)
and the respective thermodynamic parameters are
listed in Table 1. According to our results, 3 initially
forms nuclei consisting of two molecules at high
temperature with a small value of the binding con-
stant Kd (18.4m
1) and this step can be considered as
highly unfavorable. Upon further decreasing the tem-
perature, the formed dimers then elongate into or-
dered self-assembled superstructures with a signifi-
cantly larger value of the binding constant Ke (1.43
106 m1, Table 1). Our results indicate that hydropho-
bic interactions are the main driving force for the ob-
served cooperativity, as PEtOx6-OPE-PEtOx6 (3) with
the shortest PEtOx hydrophilic chains is the only
sample of our series for which self-assembly in a co-
operative fashion is found. However, other interac-
tions, such as those between the hydrophilic polymer
chains as well as hydrogen bonds involving triazole
units of the PEtOx chains and surrounding water
molecules (IR experiments show the appearance of
a broad band between 3700–3200 cm1—see also
Figure S3), are also most likely contributing to the co-
operative effects in our system.
The influence of the self-assembly pathways of 1–3
on the aggregate morphology has been examined
using TEM and DLS studies. At concentrations of 2 mgmL1,
1 and 2 form narrowly dispersed spherical aggregates of 5–
12 nm in diameter according to TEM, which is in good agree-
ment with DLS measurements (hRh, appi=7 nm, Figures 4a, c and
Figure S10 in the Supporting Information). The large size and
water solubility of the PEtOx chains of 1 and 2 compared to
the relatively short OPE fragment is most likely responsible for
Figure 2. UV/Vis (a,c) and emission spectra (b,d) of 1 (a,b) and 3 (c,d), in various THF/water mixtures at 6106m
for 1 and 1.47105m for 3.
Figure 3. Temperature-dependent UV/Vis spectra of 1 at 2.4105m (a) and 3 at
6106m (c) in water from 358 to 278 K. Arrows indicate the spectral changes upon tem-
perature decrease. Cooling curves obtained by monitoring the spectral changes ob-
served in temperature-dependent experiments at 320 nm for 1 (b) and 3 (d) and corre-
sponding fits to the isodesmic model for 1 (b) and nucleation–elongation model for
3 (d).
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the formation of low-dimensional associates in which the OPE
fragments are shielded by the peripheral polymer chains (Fig-
ure 4e, top). In sharp contrast, more hydrophobic PEtOx6-OPE-
PEtOx6 (3) self-assembles into anisotropic two-dimensional (2D)
platelets of up to 2 mm in length and ~100–300 nm in width
(Figure 4b). Although the schematic depiction shows a mono-
layer in the case of the anisotropic aggregates, the rather high
contrast in TEM as well as the large hydrophobic surface of the
OPE stacks suggests that also stacks of these sheets are ob-
served.
DLS studies show a good correlation between the aggregate
dimensions observed by TEM and the existence of several size
distributions (hRh,appi= ~4, 80, 800 nm) observed in solution
(Figure 4d). Considering these data, the increased hydropho-
bicity of 3 induces a stronger packing of the OPE fragments in
a preferred direction driven by p–p and hydrophobic interac-
tions, resulting in the formation of anisotropic superstructures.
Further lateral interactions involving the PEtOx chains ultimate-
ly lead to 2D plate-like structures that possess a higher degree
of organization than the associates of 1 and 2 (Figure 4e,
bottom).
In conclusion, we have synthesized three PEtOxx-OPE-PEtOxx
bolaamphiphiles (x=16 (1), 11 (2), 6 (3)) by introducing a strat-
egy for template-assisted and selective CuAAC chemistry, in
which pre-organization of the OPEs resulted in the selective
functionalization of the terminal alkyne moieties. The aqueous
self-assembly of 1–3 can be effectively controlled by the
length of attached side chains, as demonstrated by UV/Vis,
fluorescence, DLS and TEM studies. Thus, whereas highly water
soluble derivatives 1 and 2 self-assemble into spherical nano-
particles following an isodesmic (non-cooperative) mechanism,
shortening of the PEtOxx chains in 3 induces the formation of
anisotropic platelets of higher dimensionality in a cooperative
fashion. We have demonstrated that cooperative supramolec-
ular polymerization processes in water can be primarily con-
trolled by hydrophobic interactions. Our results underline that
a thorough analysis of self-assembly mechanisms is a prerequi-
site for understanding both the degree of organization and
the morphology of supramolecular structures.
Experimental Section
General experimental details
1H, 13C NMR, FTIR, DLS, UV/Vis spectra, and further TEM micro-
graphs are provided in the Supporting Information.
Table 1. Thermodynamic parameters for the aqueous self-assembly of different PEtOxx-OPE-PEtOxx bolaamphiphiles.
Sample c [m] Ka [m
1] Tm/K DPN DH [kJmol
1] DS [Jmol1] DG [kJmol1]
1 2.4105 9.6104 313.5 1.4 60.7 108.9 28.5
2 5.6106 3.6106 334.9 1.4 83.2 153.4 37.4
Sample c [m] Kd [m
1] Ke [m
1] s Te [K] N DH [kJmol
1] DS [Jmol1] ~Hnucl [kJmol
1]
3 6106 18.4 1.43106 1.3105 351.2 2 35.11 0 27.90
Figure 4. TEM micrographs of a) 1 and b) 3 in water at 2 mgmL1 on
a carbon-coated copper grid. c–d) DLS CONTIN plots of a) 1 and d) 3 in
water at 2 mgmL1. e) Cartoon representation of the self-assembly pathways
of 1 and 2 (top) and 3 (bottom).
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Supramolecular three-armed star polymers via cyclodextrin host–guest
self-assembly†
Bernhard V. K. J. Schmidt,a Tobias Rudolph,bc Martin Hetzer,d Helmut Ritter,*d Felix H. Schacher*bc
and Christopher Barner-Kowollik*a
Received 2nd May 2012, Accepted 25th May 2012
DOI: 10.1039/c2py20293j
Three-armed star polymers with a cyclodextrin core and polyacrylamide arms were prepared via
inclusion complex formation. A novel adamantyl-functionalized chain transfer agent was utilized in the
reversible addition–fragmentation chain transfer (RAFT) polymerization of N,N-dimethylacrylamide
and N,N-diethylacrylamide to afford guest-functionalized polymers. In combination with a three-
pronged b-cyclodextrin core, supramolecular self-assembly was exploited for the formation of star-
shaped architectures. This was demonstrated via a combination of dynamic light scattering (DLS) and
2D rotating frame nuclear Overhauser effect spectroscopy (ROESY) in D2O. Furthermore, turbidity
measurements in the case of PDEAAm showed a rise in the LCST of the system. The complex
formation was shown to be reversible, as DLS at elevated temperatures (70 C) indicated a complete
disassembly of the star polymers.
Introduction
Star polymers are an important class of polymers that have
attracted signiﬁcant attention in the last few years.1–3 This can be
attributed to unique properties originating from their condensed
structure, non-linear shape, and multiple chain ends per macro-
molecule. Many applications for such systems have been dis-
cussed in the literature, e.g. as unimolecular nanocontainers,4 for
drug-delivery5 or in organic light-emitting diodes.6
Traditionally, the synthesis of star polymers has been carried
out via living polymerization techniques, i.e. anionic1 or
cationic7,8 methodologies. According to these synthetic strate-
gies, one can distinguish between multifunctional initiators, i.e.
the core-ﬁrst approach,9 or multifunctional termination agents,
i.e. the arm-ﬁrst approach.10 Especially the introduction of
controlled radical polymerization techniques, e.g. nitroxide
mediated polymerization (NMP),11 atom transfer radical
polymerization (ATRP),12 and reversible addition–fragmenta-
tion chain transfer (RAFT)13,14 polymerization, has led to the
generation of a broad range of star polymers in core-ﬁrst
approaches viamultifunctional initiators or chain transfer agents
(CTAs).15–17 As an alternative, modular conjugation reactions
can be employed for the synthesis of such architectures, e.g. via
click chemistry,2,18 in an arm-ﬁrst approach. Several methods
have been employed in that regard beneﬁting from high efﬁ-
ciency, short reaction times, and possible equimolarity of the
reactions that fulﬁl the respective criteria.19 Some examples
include the copper-catalyzed azide–alkyne cycloaddition
(CuAAc),20,21 the thiol–ene reaction,22 or the RAFT hetero
Diels–Alder reaction.23 As these strategies represent orthogonal
approaches, they are nowadays also widely employed for the
synthesis of miktoarm star polymers.2,18,24
New opportunities arise from the synthesis of supramolecular
star polymers. Here the formation of the star polymer is driven
by supramolecular interactions that offer reversible and poten-
tially stimuli-responsive bond-formation amongst other proper-
ties. The mainly utilized types of supramolecular interactions
comprise hydrogen bonding,25–27 metal–ligand coordination28–30
or host–guest complexation.31 A very important class of hosts in
the realm of host–guest complexations are cyclodextrins (CDs)
due to their availability and the ease of chemical modiﬁcation.
From the point of view of star polymer synthesis the ability of
CDs to form inclusion complexes with hydrophobic guest
molecules leads to the possibility to form new materials. Apart
from the formation of new macromolecular architectures, this
ability is widely used in polymer chemistry, e.g. for drug- or
siRNA-delivery,32–34 to solubilize hydrophobic chain-transfer
agents35 or monomers.36–38 In the case of star polymers CD has
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been mainly used as a core molecule in the past, e.g. in ATRP,39
RAFT,40 or in a combination of ATRP and NMP.41 Here,
however, the arms were covalently attached to the CD core. In an
alternative example CD-centered star polymers were reported,
where two cores are bound using supramolecular
interactions.42,43
We herein report the formation of supramolecular three-
armed star polymers using CD host–guest interactions. The
materials consist of adamantyl-functionalized polyacrylamides
as arms and a three-fold b-CD-functionalized core molecule. An
adamantyl-functionalized CTA was utilized in the RAFT
polymerization of N,N-dimethylacrylamide (DMAAm) and
N,N-diethylacrylamide (DEAAm) for the synthesis of the arms,
which were subsequently characterized via ESI-MS, NMR and
size exclusion chromatography (SEC). In aqueous solution,
supramolecular complexes were formed and the existence of
three-armed star polymers was proven via 2D rotating frame
nuclear Overhauser effect spectroscopy (ROESY) NMR as well
as dynamic light scattering (DLS) (Scheme 1).
Experimental part
Materials
1-Adamantylamine hydrochloride (ABCR, 99%), 2-bromoiso-
butyric acid (Sigma Aldrich, 98%), aluminium chloride (ABCR,
99%), b-cyclodextrin (b-CD; Wacker, pharmaceutical grade),
carbon disulﬁde (Acros, 99.9%), copper bromide (Sigma Aldrich,
99%), deuterium oxide (D2O; Euriso-top, 99.9%), N,N
0-dicyclo-
hexylcarbodiimide (DCC; ABCR, 99%), N,N-dimethylamino-
pyridine (DMAP; SigmaAldrich, 99%),N,N-dimethylformamide
(DMF; ABCR, 99%), 3-caprolactone (Alfa Aesar, 99%), ethane-
thiol (Acros, 99%), ethylenediaminetetraacetic acid disodium salt
(EDTA; ABCR, 99%), p-toluenesulfonyl chloride (ABCR, 98%),
N,N,N0,N0 0,N0 0-pentamethyldiethyltriamine (PMDETA; Merck,
99.9%), potassium phosphate monohydrate (Sigma Aldrich,
puriss.), silica gel (Merck, Geduran SI60. 0.063–0.200 mm),
sodium azide (Acros, 99%), sodium hydroxide (Roth, 99%),
triethylamine (Acros, 99%) and tripropargylamine (Sigma
Aldrich, 98%) were used as received. Anhydrous dichloromethane
(DCM) was purchased from Acros (extra dry over molecular
sieves) and used as received. All other solvents were of analytical
grade and used as received. Milli-Q water was obtained from
a puriﬁcation system by Thermo Fisher Scientiﬁc (TKA Micro-
Pure; 0.055 mS cm1). 2,20-Azobis(2-methylpropionitrile) (AIBN;
Fluka, 99%) was recrystallized twice from methanol. N,N-
Diethylacrylamide (DEAAm; TCI, 99%) and N,N-dimethyla-
crylamide (DMAAm; TCI, 99%) were passed over a short column
of basic alumina prior to use. N-(Adamantan-1-yl)-6-hydrox-
yhexanamide44 (also described in the SI), 2-(((ethylthio)carbon-
othioyl)thio)-2-methylpropanoic acid (EMP),35,45mono-(6-azido-
6-desoxy)-b-CD (b-CD-N3)
46 and N,N,N-(tris-1-(mono-(6-
desoxy)-b-CD)-1H-1,2,3-triazol-4-yl)methanamine (b-CD3)
47
(also described in the SI) were prepared according to the noted
literature procedures.
Synthesis of 6-(adamantan-1-ylamino)-6-oxohexyl 2-
(((ethylthio)carbonothioyl)thio)-2-methylpropanoate (CTA1)
In a 50 mL Schlenk-ﬂask, 0.84 g EMP (3.75 mmol, 1.0 eq.), 1.00 g
N-(adamantan-1-yl)-6-hydroxyhexanamide (3.77 mmol, 1.0 eq.)
and 0.09 g DMAP (0.74 mmol, 0.2 eq.) were dissolved in 15 mL
anhydrous DCM. At 0 C a solution of 1.17 g DCC (5.67 mmol,
1.5 eq.) in 10 mL anhydrous DCMwas added. After one hour the
solution was warmed to ambient temperature, stirred overnight,
ﬁltered and concentrated under reduced pressure. The residual
oil was puriﬁed via column chromatography on silica-gel with
a 5 : 1 mixture of n-hexane : ethylacetate as eluent. The product
was obtained as yellow oil (1.08 g, 2.29 mmol, 61%).
1H-NMR (400 MHz, CDCl3): [d, ppm] ¼ 1.27–1.43 (m, 5H,
CH3–CH2; CH2–CH2–CH2–O), 1.53–1.73 (m, 16H, 2 C–CH3;
CH2–CH2–O; CH2–CH2–C]O; 3 CH2,adamantyl), 1.98 (d, 6H,
3 NH–C–CH2,adamantyl), 2.02–2.10 (m, 5H, 3 CHadamantyl;
CH2–C]O–NH), 3.28 (q, 2H, CH2–CH3), 4.08 (t, 2H, CH2–O),
5.11 (br s, 1H, NH). 13C-NMR (100 MHz, CDCl3): [d, ppm] ¼
13.1 (CH3–CH2), 25.5, 25.7 and 28.3 (CH2–CH2–C ] O; CH2–
CH2–CH2–C ] O; CH2–CH2–C]O–NH; 2 CH3–C ] O),
29.6 (3 CHadamantyl), 31.3 (CH3–CH2), 36.5 (3 CH2,adamantyl),
37.8 (CH2–C ] O–NH), 41.9 (3 CH2,adamantyl–C–NH), 52.0
(C–NH), 56.2 (C(CH3)2), 66.0 (CH2–CH2–O), 172.1 (NH–C]
O), 173.1 (O–C]O), 221.4 (C]S). ESI-MS: [M + Na+]exp ¼
494.42 m/z and [M + Na+]calc ¼ 494.1833 m/z.
Exemplary procedure for the RAFT polymerization
CTA1 (60.0 mg, 0.13 mmol, 1.0 eq.), DMAAm (1.26 g, 12.72
mmol, 97.9 eq.), AIBN (4.2 mg, 0.03 mmol, 0.2 eq.), DMF
(6.0 mL) and a stirring-bar were added into a Schlenk-tube. After
three freeze–pump–thaw cycles the tube was backﬁlled with
argon, sealed, placed into an oil bath at 60 C and removed after
24 h. The tube was subsequently cooled with liquid nitrogen to
stop the reaction. A NMR-sample was withdrawn for the
determination of conversion, inhibited with a pinch of hydro-
quinone (approx. 5 mg) and CDCl3 was added. A quantitative
conversion was calculated based on the NMR data (see Char-
acterization Methods for details of the calculation). The residue
was dialysed with a SpectraPor3 membrane (MWCO¼ 1000 Da)
for 3 days at ambient temperature. The solvent was removed in
vacuo to yield the polymer as a yellow solid (1.20 g, 99%, GPC
(DMAc): MnGPC ¼ 14 600 g mol
1, ÐM ¼ 1.12).
Scheme 1 Schematic representation of supramolecular star polymer
formation via host–guest inclusion complexes between adamantyl-func-
tionalized polyacrylamides (polymer: red; adamantyl-group: blue) and
a three-pronged b-CD linker (orange).
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Exemplary procedure for the self-assembly of the adamantyl-
functionalized PDMAAm with b-CD3
Adamantyl-functionalized PDMAAm (MnGPC¼ 13 200 g mol
1,
55.4 mg, 0.0042 mmol, 3.0 eq.) and b-CD3 (5.0 mg, 0.0014 mmol,
1.0 eq.) were dissolved in D2O (0.5 mL, c ¼ 120 mg$mL
1) and
stirred at ambient temperature overnight. Subsequently, the
formed complex was characterized via 2D ROESY-NMR. For
DLS measurements Milli-Q water and D2O (c ¼ 5 mg mL
1)
were utilized instead.
Characterization methods
NMR measurements were carried out on a Bruker AM250
spectrometer at 250 MHz for hydrogen nuclei for conversion
determination and a Bruker AM400 spectrometer at 400 MHz
for hydrogen nuclei and at 100 MHz for carbon nuclei for
structure veriﬁcation. 2D ROESY (rotating frame nuclear
Overhauser effect spectroscopy) NMR spectra were measured on
a Bruker Avance III 600 spectrometer at 600 MHz. For the
determination of the conversion of DMAAm the integrals of one
vinylic proton (5.78–5.89 ppm) and the backbone protons (0.75–
2.00 ppm) were employed. The conversion of DEAAm was
determined with the integral of one vinylic proton (5.57–
5.73 ppm) and with the integral of the side chain methyl groups
and backbone protons (0.81–1.97 ppm).
Size exclusion chromatography (SEC) was performed on
a Polymer Laboratories PL-GPC 50 Plus Integrated System,
comprising an autosampler, a PLgel 5 mm bead-size guard
column (50 7.5 mm) followed by three PLgel 5 mm MixedC
columns (300 7.5 mm) and a differential refractive index detector
using N,N-dimethylacetamide (DMAc) containing 0.03 wt%
LiBr as eluent at 50 Cwith a ﬂow rate of 1.0 mLmin1. The SEC
system was calibrated against linear poly(styrene) standards with
molecular weights ranging from 160 to 6  106 g mol1. All SEC
calculations were carried out relative to poly(styrene) calibration
(Mark–Houwink parameters K ¼ 14.1  105 dL g1; a ¼ 0.7).48
Electrospray ionization-mass spectrometry (ESI-MS) was
performed on a LXQmass spectrometer (ThermoFisher Scien-
tiﬁc, San Jose, CA) equipped with an atmospheric pressure
ionization source operating in the nebulizer-assisted electrospray
mode. The instrument was calibrated in the m/z range 195–1822
Da using a standard containing caffeine, Met–Arg–Phe–Ala
acetate (MRFA), and a mixture of ﬂuorinated phosphazenes
(Ultramark 1621) (all from Aldrich). A constant spray voltage of
4.5 kV was used, and nitrogen at a dimensionless sweep gas ﬂow
rate of 2 (3 L min1) and a dimensionless sheath gas ﬂow rate of
12 (1 L min1) were applied. The capillary voltage, the tube lens
offset voltage, and the capillary temperature were set to 60 V,
110 V, and 275 C respectively. Adamantyl-functionalized
polymers were measured in THF/methanol 3/2 doped with
100 mM sodium triﬂuoroacetic acid and b-CD3 was measured in
Milli-Q water doped with 100 mM sodium iodide.
Dynamic light scattering (DLS) was performed at a scattering
angle of 90 on an ALV CGS-3 instrument and a He–Ne laser
operating at a wavelength of l ¼ 633 nm at 25 C. The CONTIN
algorithm was applied to analyze the obtained correlation
functions. For temperature dependent measurements the DLS is
equipped with a Lauda thermostat. Apparent hydrodynamic
radii were calculated according to the Stokes–Einstein equation.
All CONTIN plots are number-weighted.
Turbidity measurements were performed in a temperature
range from 5 C to 100 C with a heating and cooling ramp of
1 C min1 under stirring (700 rpm). During these controlled
heating/cooling cycles, the transmission was monitored in
a Crystal 16 TM (Avantium Technologies) instrument.
Theoretical molecular weights were calculated with the
following equation:
Mntheo ¼ conversionMwðMonomerÞ
½Monomer0
½CTA0
þMwðCTAÞ
Results and discussion
Synthesis and characterization of guest- and host-functionalized
building blocks
For the formation of supramolecular star polymers two types of
building blocks were synthesized (Scheme 2): adamantyl end-
functionalized polymers as arms (guest) and a three-pronged
b-CD-functionalized core as the host.
The adamantyl-functionalized polymers were synthesized via
RAFT-polymerization using a trithiocarbonate-containing CTA
(CTA1). The prominent adamantyl moiety was chosen as guest
group due to its high complexation constants with b-CD of up to
105.49 The CTA was synthesized starting from an adamantyl-
containing alcohol via DCC coupling with EMP as shown in
Scheme 2a. The adamantyl moiety was separated from the
trithiocarbonate group with a C5-spacer to improve its accessi-
bility in the inclusion process. Subsequently, RAFT
Scheme 2 Synthesis of the building blocks utilized for star polymer
formation: (a) adamantyl-functionalized RAFT-agent (CTA1), followed
by the synthesis of polyacrylamides, and (b) synthesis of the three-
pronged b-CD core (b-CD3).
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polymerizations were conducted with DMAAm and DEAAm
utilizing several CTA/monomer ratios. Polymerization degrees
ranging from 31 to 202 with Mn ranging from 3500 to 20 500 g
mol1 and low ÐM < 1.25 were achieved for PDMAAm.
Furthermore, the thermoresponsive adamantyl-functionalized
PDEAAm was prepared via RAFT polymerization with CTA1
affording a polymerization degree of 87 with a Mn of 11 500 g
mol1 and a low ÐM (see Table 1).
The RAFT polymerization of DMAAm and DEAAm with
CTA1 yielded unimodal molecular weight distributions (Fig. 1).
For higher molecular weights a certain tailing to higher elution
volumes was observed, presumably due to interactions with the
column during SEC. The structure of the obtained polymers was
veriﬁed via 1H-NMR and ESI-MS (refer to the ESI, Fig. S5–S9†).
The three-pronged CD-functional building block b-CD3 was
synthesized via CuAAc starting from tripropargylamine and b-
CD-N3 (Scheme 2b).
47 The product was analyzed via 1H-NMR
and ESI-MS (Fig. S10 and S11†).
Star polymer formation: investigations using light scattering
Light scattering experiments are a powerful method for the in situ
investigation of polymeric systems in solution. Before mixing the
arms and the core moiety, all individual compounds were
analyzed via DLS at ambient temperature in H2O and D2O.
Surprisingly, all polyacrylamide compounds seemed to be better
soluble in D2O, resulting in an increase of 20% of the
hydrodynamic radius (Fig. S12 and S13†), while for b-CD3 no
difference was observed. Such an effect has also been observed
for poly(N-isopropylacrylamide),50–52 although the reason was
not fully understood. The increased hydrodynamic volumes of
the polymer chains should, however, lead to a better accessibility
of the adamantyl moiety for the inclusion process with the b-CD3
core. Therefore, all following experiments were performed in
D2O at a polymer concentration of 5 mg mL
1. In addition,
control experiments in H2O were carried out (Fig. S13†).
Adamantyl-functionalized PDMAAm with three molar
masses was combined in stoichiometric amounts (3 : 1) with the
b-CD3 core, dissolved in D2O, stirred and analysed using DLS
after 12 and 24 hours (also after several days, Fig. S13†), showing
a clear shift to higher hydrodynamic radii with time. For
PDMAAm31-Ad (MnGPC ¼ 3500 g mol
1) an apparent hydro-
dynamic radius Rh ¼ 1.8 nm was observed, while the b-CD3
exhibits a radius of Rh ¼ 1.3 nm. After 12 hours at ambient
temperature, an increase in size to Rh¼ 2.3 nm was found, which
remained constant over several days. The proposed structure
formation mechanism is depicted in Scheme 3. The same
procedure was utilized for PDMAAm143-Ad and PDMAAm202-
Ad and a Rh of 2.5 and 3.3 nm for the unimolecular polymer
chains was observed, respectively. After stoichiometric mixing in
a molar ratio of 3 : 1 with the CD-core moiety, a distinct increase
in size can be observed in both cases. For PDMAAm143-Ad,
supramolecular star polymers with Rh ¼ 3.7 nm were observed
whereas in the case of PDMAAm202-Ad the aggregate size was
even larger, with Rh ¼ 4.6 nm, owing to longer polyacrylamide
arms. We therefore calculated an expansion ratio of 1.5 and 1.4
(Table 2). In all cases, monomodal number-weighted size distri-
butions were observed, indicating full inclusion of the guest-
polymer chains into the CD core (Fig. 2).
For all investigated combinations of arms and core, an
increase of the hydrodynamic radius was observed, hinting at the
formation of star-shaped aggregates. The expansion ratio
(Table 2) yields comparable values for all polymers investigated.
Table 2 DLS results (number-weighted hydrodynamic radii) for the
individual building blocks, the supramolecular star polymers after self-
assembly, and the respective expansion ratio at 25 C in D2O
Polymer
Crude polymer
hRh,app
maxi [nm]
Polymer@b-CD3
hRh,app
maxi [nm]
Expansion
ratio
b-CD3 1.3 — —
PDMAAm31-Ad 1.8 2.3 1.3
PDMAAm143-Ad 2.5 3.7 1.5
PDMAAm202-Ad 3.3 4.6 1.4
PDEAAm87-Ad 2.4 3.8 1.6
Scheme 3 Schematic representation of the formation of supramolecular
star polymers, indicating the expected changes in hydrodynamic radius
(Rh dashed circles).
Fig. 1 SEC-traces for PDMAAm31-Ad (solid black line), PDMAAm143-
Ad (dashed black line), PDMAAm202-Ad (dotted black line), and
PDEAAm87-Ad (solid red line).
Table 1 Results for the RAFT polymerization of DMAAm (top) and
DEAAm (bottom) with CTA1 at 60 C in DMF
Monomer/
CTA/AIBN Conv.a
Mn,theo
[g mol1]
Mn,GPC
[g mol1]b ÐM
DMAAm 31/1/0.1 Quant. 2550 3500 1.08
143/1/0.2 Quant. 10 370 14 600 1.12
202/1/0.2 96% 23 400 20 500 1.23
DEAAm 87/1/0.2 Quant. 13 300 11 500 1.11
a Based on NMR-data. b Relative to poly(styrene) standards.
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Adamantyl-functionalized polymers with higher molecular
weight lead to higher hydrodynamic radii. Furthermore, the size
distributions of the adamantyl-functionalized polymers were
measured after the addition of crude b-CD (refer to Fig. S13b†)
to prove that the increase inRh is due to the three-pronged nature
of b-CD3.
The reversibility of star polymer formation at higher temper-
atures was also investigated via DLS (Fig. 2d). Therefore, the
temperature was increased from 25 to 70 C in 2 hours and the
sample was kept at this temperature for further 30 min. As
a result, a decrease of theRh from 3.7 nm to 2.8 nmwas observed.
This might well correspond to the expulsion of the adamantyl
moiety from the b-CD3 core (Fig. 2d, blue line). Afterwards, the
sample solution was cooled down to 25 C and, subsequently, the
hydrodynamic radius increased again.
Comparable investigations were carried out using
PDEAAm87-Ad (Fig. 3a), a polymer which exhibits LCST
behaviour.53 Depending on the molar mass and the respective
endgroup, PDEAAm materials undergo a coil-to-globule tran-
sition in the temperature range of 25 to 40 C.35,53,54 Again,
stoichiometric amounts of PDEAAm87-Ad and the CD-core
were mixed in D2O and the resulting assemblies were investigated
using DLS. An increase in Rh from 2.4 to 3.8 nm was observed,
corresponding to an expansion ratio of 1.6, similar values if
compared to the earlier discussed PDMAAm systems (Fig. 3a).
Fig. 3 (a) Number-weighted size distributions for the supramolecular
star polymer (solid red line), PDEAAm87-Ad (dashed black line), and the
b-CD3 core (dotted blue line) in a molar ratio of 3 : 1 after 24 hours at
25 C. (b) Turbidity measurements for PDEAAm87-Ad (black line), the
supramolecular star polymer (red line), and a mixture of PDEAAm87-Ad
and b-CD (blue line) in D2O.
Fig. 2 Number-weighted size distributions for PDMAAmx-Ad: (a) 31,
(b) 143 and (c) 202 (dashed black lines), the b-CD3 core molecule (dotted
blue line), and the resulting supramolecular star polymers in a molar ratio
of 3 : 1 after 24 hours in D2O at 25
C (solid red lines). (d) Investigations
regarding the reversibility of the inclusion process by heating to 70 C
(blue line), followed by cooling and reformation of the aggregates.
This journal is ª The Royal Society of Chemistry 2012 Polym. Chem., 2012, 3, 3139–3145 | 3143
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To elucidate the temperature-dependent solubility of the
PDEAAm-based supramolecular star polymers in D2O, turbi-
dimetry measurements were carried out. Any changes in
temperature were performed with a heating/cooling rate of 1 K
min1. The cloud point temperature (Tcp) was determined at
a transmittance of 50%. Three samples, PDEAAm87-Ad, the
supramolecular star polymer, and a mixture of b-CD and
PDEAAm87, were investigated in a temperature range of 5–
100 C in D2O. For PDEAAm87-Ad, a Tcp of 29.3
C was found,
while the mixture with CD led to a higher value (Tcp ¼ 33.6
C).
This observation can be explained by the complexation of the
adamantyl moiety by b-CD and therefore the formation of a less
hydrophobic endgroup. In the case of the star-shaped system
a cloud point at 32.0 C was observed in between the values for
PDEAAm87-Ad and the b-CD containing mixture (Fig. 3b). This
might be explained by a shielding of the hydrophobic adamantyl
groups due to the inclusion complex and – at the same time –
decreased conformational freedom of the polymer chains by
connecting three arms to the core moiety. The sharp decrease of
the transmittance and the reversibility of the turbidimetry
measurements (at least three times) are an additional indication
for the successful formation of supramolecular star polymers via
host–guest inclusion complexes. The collapse of the PDEAAm
arms leads to an inclusion of the b-CD3 into the collapsed poly-
mer coil at a temperature far below the dissociation of the host–
guest complex (70 C, as demonstrated using DLS in Fig. 2d).
Investigations of the self-assembly via ROESY NMR
ROESYNMR(Fig. 4) is a perfectly suitable tool to investigate the
formation of inclusion complexes. The cross-correlation peaks in
the ROESY spectrum can be assigned to protons that are closely
situated (<4 A).55 While DLS experiments probe the molecular
nature of the star polymers, ROESY NMR was performed to
demonstrate the formation of the inclusion complex between the
adamantyl moiety of polymer arms and the b-CD3 core.
The 2D ROESY NMR spectrum (Fig. 4 and S16-S19†) shows
six cross-correlation peaks that can be assigned to the adamantyl
moiety and the b-CD moiety. The a, b and c protons of the
adamantyl group have signals at 1.7, 2.0 and 2.1 ppm respectively
whereas the inner protons H3 and H5 of b-CD have resonances
at 3.7 and 3.8 ppm. In the 2D spectrum, the signals are located at
the corresponding intersections that are expected for an inclusion
complex of b-CD and the adamantyl moiety. Thus, a close
distance between the protons of the adamantyl and b-CD moiety
can be concluded, conﬁrming the formation of an inclusion
complex.56 To exclude complex formation between the CD and
the side chains of PDMAAm, a control sample of PDMAAm
without the adamantyl moiety and b-CD was investigated as
well, where the respective cross-correlation peaks were absent in
the 2D NMR (Fig. S14, S15 and S20 in the ESI†).
Conclusions
In summary, we present the formation of supramolecular star
polymers via the formation of inclusion complexes between
adamantyl-functionalized polyacrylamides and a three-pronged
CD-coremoiety. The synthesis of PDMAAm-Ad and PDEAAm-
Ad was carried out via RAFT polymerization with a novel ada-
mantyl-functionalized chain transfer agent (CTA1). The core,
b-CD3, was synthesized via CuAAc techniques. All building
blocks were characterized via SEC, 1H-NMR and ESI-MS.
The formation of supramolecular star polymers was carried
out in D2O and proven via a combination of light scattering
(DLS) and 2D ROESY NMR. In the case of star polymers with
PDEAAm arms, additional turbidity measurements revealed
a change in temperature-dependent solution behaviour. The star
polymer formation was shown to be reversible, as heating to 70
C leads to an expulsion of the individual polymer arms and
cooling to 25 C to reformation of the complex.
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Synthesis and self-assembly of poly-
(ferrocenyldimethylsilane)-block-poly(2-alkyl-
2-oxazoline) block copolymers†
Tobias Rudolph,a,b Adam Nunns,c Almut M. Schwenkea,b and Felix H. Schacher*a,b
Herein, we demonstrate the synthesis of chain-end functionalized poly(ferrocenyldimethylsilane) (PFDMS)
and poly(2-alkyl-2-oxazoline)s (POx) of diﬀerent molar mass, and the subsequent macromolecular conju-
gation to organometallic PFDMS-b-POx block copolymers of diﬀerent composition via copper-catalyzed
azide–alkyne cycloaddition (CuAAC). We distinguish between amphiphilic crystalline-coil PFDMS-
b-PEtOx (poly(2-ethyl-2-oxazoline)) and potentially double crystalline PFDMS-b-PiPrOx (poly(2-iso-
propyl-2-oxazoline)) materials. After characterization of the obtained block copolymers via SEC, NMR,
FT-IR and X-ray scattering, the solution behavior in acetone as a non-solvent for PFDMS was investigated.
We found various aggregate morphologies with a PFDMS core and a POx corona (sheets, vesicles, rods),
depending on the weight fraction of the organometallic PFDMS segment.
Introduction
Modern synthetic approaches enable superior control over
molecular weight, chain-end functionality, composition, and
architecture of polymeric materials, including homo- and
copolymers.1 Especially (block) copolymers have been inten-
sively studied because, depending on the composition and
architecture (random, gradient-, graft-, or block copolymers),
they can combine the properties of diﬀerent monomers within
one single material. The synthesis of block copolymers can be
realized via diﬀerent sequential polymerization techniques.2–4
However, the preparation of block copolymers consisting of
building blocks requiring diﬀerent polymerization methodo-
logies is often challenging. Especially for switching from
anionic towards cationic polymerization only few approaches
are known in the literature,2,5–7 even less for the combination
of ionic ring-opening polymerizations (anionic (AROP) and cat-
ionic (CROP)). This diﬃculty originates from the diﬀerent reac-
tivity of the monomers, which often is a limiting factor for
ionic polymerization techniques.8,9 Therefore, macromolecular
conjugation reactions between two polymeric building blocks
carrying orthogonal endgroups represent quite an attractive
alternative. This strategy is mostly realized via the copper
catalyzed azide alkyne cycloaddition (CuAAC) click reaction
introduced by Sharpless.10,11 Via this approach a large number
of linear block copolymers12–18 and diﬀerent polymeric
architectures19–22 have been reported.23,24 Besides this particu-
lar example, also other conjugation reactions are described in
the literature,17 e.g. Diels–Alder reactions,25,26 or thiol–ene
chemistry,27,28 the latter typically showing some reactivity-
related limitations.29
One intriguing feature of block copolymers is that by the
covalent linkage of at least two unlike segments macroscopic
phase separation is prevented whilst the incompatibility of
most building blocks leads to microphase segregation in
various environments.30 Depending on the weight fractions of
the constituting blocks, diﬀerent morphologies like lamellae,
cylinders, or gyroidal structures have been reported.31,32 These
defined morphologies in the bulk featuring periodicities
of typically 10–100 nm are of use in diﬀerent fields of
nanotechnology,33–37 or for the formation of micellar struc-
tures via transfer into selective solvents for one of the
blocks.38,39 In the latter case especially amphiphilic block
copolymers have been in the focus over the past decades.40 In
some cases, the assembly of these structures into super-
structures is also termed “supramolecular polymerization”.
Here, the principle of polymerization is taken to a higher level
by using supramolecular units with functional groups as
“monomers”.8,41,42
Regarding “supramolecular polymerization” one of the
most fascinating recent examples is the “living crystallization-
driven supramolecular polymerization” of organometallic
block copolymers.36,43–47 In this case, it was possible to control
the self-assembly of, e.g., semi-crystalline poly(ferrocenyl-
†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c4py01512f
aLaboratory of Organic and Macromolecular Chemistry, Friedrich Schiller University
Jena, Humboldtstr. 10, 07743 Jena, Germany. E-mail: felix.schacher@uni-jena.de
bJena Center for Soft Matter (JCSM), Friedrich Schiller University Jena,
Philosophenweg 7, 07743 Jena, Germany
cSchool of Chemistry, University of Bristol, Bristol BS8 1TS, UK
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silane)s (PFSs) as core forming blocks in selective solvents.
The resulting structures, often anisotropic platelet- or rod-like
morphologies, were stabilized by diﬀerent soluble corona-
forming blocks. Further, the length of these core-crystalline
micelles can be tuned by sonication, and the use of pre-
formed seed micelles for epitaxial growth of semi-crystalline
poly(ferrocenylgermane)-containing block copolymers was
demonstrated.43 This “living polymerization” can be regarded
as a supramolecular analogue to classical living polymeri-
zation techniques and was investigated by transmission elec-
tron microscopy (TEM), wide angle X-ray scattering (WAXS)
and static light scattering (SLS).43
While there are quite a few studies on crystalline-coil block
copolymers, double crystalline materials comprising two semi-
crystalline blocks have been less frequently reported.48 One
possibility is the combination of PFS with poly(2-alkyl-2-oxazo-
lines) (POx), which have been shown to crystallize depending
on the side-chain substitution pattern.49 Well-defined PFS
materials are typically prepared via AROP,50 while POx are syn-
thesized via CROP.51 POx, especially poly(2-ethyl-2-oxazoline)
(PEtOx), is water-soluble, non-toxic, and the pseudo-peptide
character of this material has been shown to induce similar
“stealth”-behavior as observed for poly(ethylene oxide)
(PEO).52–56 Linear poly(2-ethyl-2-oxazoline) (PEtOx) and poly(2-
iso-propyl-2-oxazoline) (PiPrOx) exhibit diﬀerent lower critical
solution temperatures (LCST), depending on the molecular
weight of the material investigated.57 In case of PiPrOx the
crystallization at elevated temperatures in water has also been
reported.58–60
Herein, we demonstrate the synthesis of chain-end functio-
nalized poly(ferrocenyldimethylsilane) (PFDMS) and POx of
diﬀerent molar mass and the subsequent macromolecular con-
jugation via CuAAC click reactions into poly(ferrocenyl-
dimethylsilane)-block-poly(2-alkyl-2-oxazoline) (PFDMS-b-POx)
block copolymers with diﬀerent weight fractions. After charac-
terization of the obtained organometallic block copolymers via
size exclusion chromatography (SEC), nuclear magnetic reson-
ance (NMR), Fourier-transform infra-red spectroscopy (FT-IR),
and X-ray scattering, the solution behavior in acetone as a
selective solvent for the POx block was investigated. In that
way, micellar structures featuring a solvophobic PFDMS core
and a POx corona are formed. As POx segment, both poly-
(2-ethyl-2-oxazoline) (PEtOx) and poly(2-iso-propyl-2-oxazoline)
(PiPrOx) were used. Depending on the weight fraction of the
organometallic PFDMS segment, diﬀerent morphologies such
as sheets, rods, and vesicular structures were found. For
selected examples, we also compared these findings to the
bulk morphology with regard to the observed domain size.
Materials and instruments
Instruments
NMR. Proton nuclear magnetic resonance (1H-NMR) spectra
were recorded in CDCl3 and toluene-d8 on a Bruker AC
300 MHz spectrometer at 298 K. Chemical shifts are given in
parts per million (ppm, δ scale) relative to the residual signal
of the deuterated solvent.
SEC. Size exclusion chromatography was measured on a Shi-
madzu system equipped with a SCL-10A system controller, a
LC-10AD pump, and a RID-10A refractive index detector
using a solvent mixture containing chloroform, triethylamine,
and iso-propanol (94 : 4 : 2) at a flow rate of 1 mL min−1 on a
PSS SDV linear M 5 μm column. The system was calibrated
using PS (100 to 100 000 g mol−1) and PEO (440 to 44 700 g
mol−1) standards.
MALDI-ToF MS. Matrix-assisted laser desorption/ionization
time of flight mass spectrometry was performed on an
Ultraflex III TOF/TOF (Bruker Daltonics, Bremen, Germany),
equipped with a Nd:YAG laser and with trans-2-[3-(4-tert-butyl-
phenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) as
matrix and NaCl as doping agent in reflector and linear mode.
The instrument was calibrated prior to each measurement
with an external PMMA standard from PSS Polymer Standards
Services GmbH (Mainz, Germany).
FT-IR Infra-red spectroscopy. Dry powders of the block
copolymers were directly placed on the crystal of the ATR-FTIR
(Aﬃnity-1 FTIR, Shimadzu) for measurements in the range of
4000 to 600 cm−1.
Microwave-assisted reactions: The described synthetic steps
were carried out using an Initiator Sixty single-mode micro-
wave synthesizer from Biotage, equipped with a non-invasive
IR sensor (accuracy: 2%). Microwave vials (conical, 0.5 to 2 mL)
were heated at 110 °C overnight, and allowed to cool to room
temperature under nitrogen atmosphere. All polymerizations
were carried out using temperature control.
Transmission electron microscopy (TEM). The formed
aggregates were analyzed using a TEM (Zeiss-CEM 902A, Ober-
kochen, Germany) operated at 80 kV. Images were recorded
using a 1k TVIPS FastScan CCD camera. TEM samples were
prepared by applying a drop of an aqueous sample solution
onto the surface of a carbon coated copper grid (in case of
aqueous solutions plasma treated grids were used) (Quantifoil
Micro-Tools GmbH, Jena, Germany).
Wide and small angle X-ray scattering (WAXS and SAXS).
Measurements on dried powders of the polymers were
performed on a Bruker AXS Nanostar (Bruker, Karlsruhe,
Germany), equipped with a microfocus X-ray source (Incoatec
ImSCu E025, Incoatec, Geesthacht, Germany), operating at λ =
1.54 Å. A pinhole setup with 750 mm, 400 mm, and 1000 mm
(in the order from source to sample) was used and the sample-
to-detector distance was 107 cm (SAXS) and 12 cm (WAXS).
Samples were mounted on a metal rack and fixed using tape.
The scattering patterns were corrected for the beam stop and
the background (Scotch tape) prior to evaluations.
Atomic force microscopy (AFM). For AFM analysis diluted
solutions were dropcasted on silicon which was beforehand
cleaned with Argon-Plasma. The AFM imaging was performed
with a Solver LS scanning probe microscope (NT-MDT,
Moscow, Russia) in semi-contact mode utilizing NSC35 canti-
levers (μ-masch). Gwyddion was applied for image processing
and analysis.
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DLS. Dynamic light scattering was performed at a scattering
angle of 90° on an ALV CGS-3 instrument and a He–Ne laser
operating at a wavelength of 633 nm at 25 °C. The CONTIN
algorithm was applied to analyze the obtained correlation
functions. For temperature control the DLS is equipped with a
Lauda thermostat. Apparent hydrodynamic radii were calcu-
lated according to the Stokes–Einstein equation. All CONTIN
plots shown are intensity-weighted.
Materials
Dimethylsila[1]ferrocenophane was synthesized according to
literature procedures and stored in a glovebox.61 THF was dis-
tilled and for the polymerization of dimethylsilaferroceno-
phane further purified via titration with sec-BuLi prior to
usage. 1,1-diphenylethylene (DPE), and 1,1-dimethylsiletane
from Aldrich were distilled prior to use. Propargyl p-toluenesul-
fonate, 2-ethyl-2-oazoline (EtOx) and 2-iso-propyl-2-oxazoline
(iPrOx) were distilled over barium oxide and stored under
argon. Tetrahydrofuran (THF), acetonitrile (ACN) and dichloro-
methane (DCM) were purified using a Solvent Purification
System (SPS, Innovative Technology, PM-400-3-MD) equipped
with two activated alumina columns. Copper bromide (CuBr),
N,N,N′,N″,N″-Pentamethyldiethylenetriamine (PMDETA),
n-butyllithium (n-BuLi) (1.6 M in hexanes) and sec-butyllithium
(sec-BuLi) (1.4 M in cyclohexane), trichloromethylsilane, tri-
methylsilyl azide, 1,3-dibromopropane, tetrabutylammonium
fluoride (TBAF; 1.0 M in THF) were purchased from Aldrich
and used as received.
Anionic ring-opening polymerization of
ferrocenyldimethylsilane obtaining azide-modified
poly(ferrocenyldimethylsilane) (PFDMSx-N3)
62
500 mg dimethylsilaferrocenophane (2.1 mmol) were dissolved
in 2.5 mL distilled tetrahydrofuran (THF). n-Butyllithium
(n-BuLi) was added under vigorous stirring. After 1 hour at
room temperature, diphenylethylene (4 equiv.) and dimethyl-
siletane (2 equiv.) were added to the reaction mixture. Mean-
while, 1,3-dibromopropane (20 equiv.) was dissolved in 1 mL
THF and cooled to −80 °C. After 15 min a color change from
orange to deep red was observed for the polymer solution and
it was added to the 1,3-dibromopropane solution under vigor-
ous stirring. The solution was allowed to stir for 3 hours at
−80 °C, afterwards was allowed to get to room temperature
and was stirred for another 3 hours at room temperature. All
steps were performed under inert conditions in a glove box.
Afterwards the reaction mixture was removed from the glove
box and precipitated into methanol three times and dried
under vacuum at 50 °C overnight.
The purified brominated poly(ferrocenyldimethylsilane)
was dissolved in THF and stirred together with trimethylsilyl
azide (TMS-N3; 10 eq.) and tetrabutylammonium fluoride
(TBAF; 10 eq.) overnight. Afterwards, the polymer was precipi-
tated in methanol, filtered and dried under vacuum at 50 °C.
PFDMS30-N3: SEC (CHCl3/i-PrOH/TEA) (PS-calib.): Mn =
7000 g mol−1; PDI 1.08; PFDMS80-N3: SEC (CHCl3/i-PrOH/
TEA): Mn = 30 000 g mol
−1; PDI 1.06; 1H NMR: (300 MHz,
toluene, δ): 4.23 (bs, Cp–H), 4.06 (bs, Cp–H), 0.52 (bs,
Si–(CH3)2) ppm.
Synthesis of alkyne-modified poly(2-iso-propyl-2-oxazoline)
(TB-PiPrOxy)
63
Propargyl p-toluenesulfonate and 2-iso-propyl-2-oxazoline
(iPrOx) were dissolved in acetonitrile at diﬀerent monomer to
initiator ratios ([M]/[I] = 20, 25, and 75) and a monomer con-
centration of 4M. The capped vials were placed in a microwave
synthesizer at 140 °C. The polymer was terminated via the
addition of water and the final polymer was obtained after
extraction with NaHCO3 solution, brine, dried over sodium
sulfate and the solvent was removed under vacuum.
TB-PiPrOx24: SEC (CHCl3/i-PrOH/TEA) (PS-calib.): Mn =
3100 g mol−1; PDI 1.09; MALDI-TOF-MS: Mp = 2800 g mol
−1;
TB-PiPrOx75: SEC (CHCl3/i-PrOH/TEA): Mn = 8800 g mol
−1;
PDI 1.07; 1H NMR (300 MHz, CDCl3, δ): 3.6–3.2 (br, –N–CH2–
CH2–), 2.5–2.2 (br, CO–CH–(CH3)2), 1.2–0.9 (br, CO–CH–(CH3)2)
ppm.
Synthesis of alkyne-functionalized poly(2-ethyl-2-oxazoline)s
(TB-PEtOxy)
Propargyl p-toluenesulfonate and 2-ethyl-2-oxazoline (EtOx)
were dissolved in acetonitrile (ACN) at diﬀerent monomer to
initiator ratios ([M]/[I] = 20 and 80) at a monomer concen-
tration of 4 M. The capped vials were placed in a microwave
synthesizer at 140 °C. The polymerization was terminated via
the addition of water. The polymers were obtained after extrac-
tion with NaHCO3 solution, brine, and dried under vacuum.
After precipitation in cold diethyl ether the polymer was
filtered and dried under vacuum.
TB-PEtOx20: SEC (CHCl3/i-PrOH/TEA) (PS-calib.): Mn =
3000 g mol−1; PDI 1.11; MALDI-TOF-MS: Mp = 1900 g mol
−1;
TB-PEtOx80: SEC (CHCl3/i-PrOH/TEA): Mn = 8000 g mol
−1; PDI
1.12; MALDI-TOF-MS: Mp = 7900 g mol
−1; 1H NMR (300 MHz,
CDCl3, δ): 3.6–3.2 (br, –N–CH2–CH2–), 2.5–2.2 (br, CO–CH2–
CH3), 1.2–0.9 (br, CO–CH2–CH3) ppm.
Exemplarily CuAAC click-reaction between PFDMSx-N3 and
TB-POxy
For the click reaction the alkyne functionalized POx
(TB-PiPrOxy; 2 eq.) and the azide functionalized PFDMS
(PFDMSx-N3; 1 eq.) were dissolved in a solvent mixture of THF
and ethanol until a clear solution was observed (PFDMS/POx
(wt%) – THF–EtOH (v/v): 90/10-3/1; 75/25-2/1; 50/50-1/1) and
purged for 5 minutes with argon. Copper bromide (CuBr) and
PMDETA (1.1 eq.) were added under argon flux, and the
solution was purged with argon for additional 5 minutes.
Afterwards the solution was placed in the microwave synthesi-
zer and heated to 80 °C for 15 minutes.
The polymer solution was passed through a short AlOxN
column to remove any copper from the reaction mixture. The
block copolymer was precipitated from DCM into acetone, cen-
trifuged on the next day (5000 rpm, 1 min), and the super-
natant solution was removed. The orange precipitate was dried
under vacuum. Even for the sample with lowest molar mass,
Paper Polymer Chemistry
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the triazole signal of the resulting block copolymers could not
be observed in NMR.
SEC (CHCl3/i-PrOH/TEA) (PS-calib.): PFDMS80-b-PEtOx20:
Mn = 33 000 g mol
−1; PDI 1.09; PFDMS80-b-PEtOx80: Mn =
39 000 g mol−1; PDI 1.09; PFDMS30-b-PEtOx80: Mn = 17 000 g
mol−1; PDI 1.12; PFDMS80-b-PiPrOx24: Mn = 32 000 g mol
−1;
PDI 1.10; PFDMS30-b-PiPrOx24: Mn = 10 000 g mol
−1; PDI 1.09;
PFDMS80-b-PiPrOx75: Mn = 38 000 g mol
−1; PDI 1.06; PFDMS30-
b-PiPrOx75: Mn = 15 000 g mol
−1; PDI 1.22; 1H-NMR: (300 MHz,
CDCl3, δ): 4.3–4.1 (bs, Cp-H), 4.1–3.9 (Cp-H), 3.6–3.2 (br, –N–
CH2–CH2–), 2.5–2.2 (br, CO–CH2–CH3), 1.2–0.9 (br, CO–CH2–
CH3), 0.5–0.4 (Si–(CH3)2) ppm.
Transfer of the block copolymers into selective solvents
5 mg of the block copolymer were dissolved in 1 mL DCM and
added under vigorous stirring into 5 mL acetone. The solution
was stirred overnight to evaporate the DCM from the solution
while acetone was added subsequently to maintain a constant
concentration (1 mg mL−1). For further investigations
(DLS, TEM) the solution was diluted to a concentration of
0.5 mg mL−1.
Results and discussion
We were interested in the solution behavior of poly(ferrocenyl-
dimethylsilane)-block-poly(2-alkyl-2-oxazoline) (PFDMS-b-POx)
diblock copolymers for two reasons: first, suitable POx
materials are soluble in water and enable the later formation
of amphiphilic core-crystalline micelles and, second, the use
of poly(2-iso-propyl-2-oxazoline) as building block leads to
double crystalline block copolymers. Earlier studies on double
crystalline amphiphiles are described in the literature, but are
limited to PEO-b-PFDMS,64,65 while other amphiphiles were
not double crystalline, e.g. PFS-b-PDMAEMA.8,15 We therefore
focused on two POx segments, poly(2-ethyl-2-oxazoline)
(PEtOx) and poly(2-iso-propyl-2-oxazoline) (PiPrOx), and syn-
thesized the corresponding PFDMS-b-POx diblock copolymers
with diﬀerent compositions. For the synthesis we used copper-
catalyzed azide–alkyne cycloaddition (CuAAC) reactions, by
which the weight fractions of the PFDMS and the POx segment
can be easily varied.
Block copolymer synthesis
First, dimethylsilaferrocenophane (FDMS) was polymerized via
anionic ring-opening polymerization (AROP) initiated with
n-butyllithium at two diﬀerent monomer to initiator concen-
trations ([M]/[I]) in THF at room temperature under inert
conditions. The polymerization was terminated via 1,3-dibromo-
propane and the exchange of the bromide moiety with an
azide functionality was carried out as described in the litera-
ture (Fig. S1†).62 Two PFDMSx-N3 samples with molar masses
of 7000 g mol−1 and 20 000 g mol−1 and low dispersity indices
(Đ < 1.1) were obtained and characterized via SEC, NMR and
FT-IR (Table 1; Fig. S2†). The degree of polymerization (DP) for
these polymers was determined via NMR, confirming the for-
mation of PFDMS30-N3 and PFDMS80-N3, where the subscripts
denote the degrees of polymerization (DP). Via SEC a small
amount of coupling product at lower elution volume was
observed, which is due to chain–chain coupling during the
functionalization step with 1,5-dibromopentane. For alkyne
functionalized POx (TB-PEtOx and TB-PiPrOx, Fig. S3†), the
respective monomer was polymerized via microwave-assisted
cationic ring-opening polymerization (CROP) and molar
masses of 2000, 2400, and 8000 g mol−1 were synthesized
in both cases. Therefore, solutions containing a functional
initiator, propargyl p-toluenesulfonate, with diﬀerent
monomer-to-initiator ratios ([M]/[I]) at a constant monomer
concentration of 4M were prepared and polymerized in a
microwave-synthesizer at 140 °C. The DP obtained via NMR
and MALDI-TOF MS for PEtOx were DP 20 (TB-PEtOx20), and
80 (TB-PEtOx80), while for PiPrOx DPs of 20 (TB-PiPrOx20),
24 (TB-PiPrOx24), and 75 (TB-PiPrOx75) were found (Table 1,
SEC in Fig. S4†).
Table 1 Details for diﬀerent obtained homo- and block copolymers of PFDMSx-N3 and TB-POxy
Polymer
Ratio PFDMS/POxa
[wt%] Mn
a [g mol−1] Mn
b [g mol−1] Đb Mp
c [g mol−1]
PFDMS30-N3
d
— 7300 7300 1.08 7500e
H
om
opolym
ers
PFDMS80-N3
d
— 20 000 29 000 1.06 —
TB-PEtOx20
d
— 2000 3000 1.11 1900
TB-PEtOx80
d
— 8000 9500 1.09 7900
TB-PiPrOx20
d
— 2300 2400 1.12 2300
TB-PiPrOx24
d
— 2800 3000 1.10 2900
TB-PiPrOx75
d
— 8600 8000 1.08 8800
PFDMS80-b-PiPrOx24
d 88/12 23 000 32 000 1.10 —
B
lock
copolym
ers
PFDMS30-b-PiPrOx24
d 75/25 10 000 10 000 1.09 —
PFDMS80-b-PiPrOx75
d 70/30 29 000 38 000 1.06 —
PFDMS30-b-PiPrOx75
d 46/54 16 000 15 000 1.22 —
PFDMS80-b-PEtOx20
d 92/8 22 000 33 000 1.09 —
PFDMS80-b-PEtOx80
d 71/29 28 000 39 000 1.09 —
PFDMS30-b-PEtOx80
d 47/53 16 000 17 000 1.12 —
a Calculated according to the constituting building blocks. b SEC (CHCl3/TEA/i-PrOH) PS-calibration.
cMALDI-TOF MS (DCTB/NaCl). d Subscripts
denote the degree of polymerization for the corresponding block. eMALDI-ToF MS (dithranol).
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As the next step, diﬀerent combinations of PFDMSx-N3 and
TB-POxy were used in copper catalyzed alkyne azide cyclo-
addition (CuAAC) click reactions to yield amphiphilic diblock
copolymers (Scheme 1). Typically, TB-POxy was used in excess
(2 eq.) in comparison to the azide-functionality of PFDMSx-N3
in the presence of copper(I) bromide (CuBr) and N,N,N′,N′,N″-
pentamethyldiethylenetriamine (PMDETA) to ensure full
conversion of the PFDMS building block. A series of diﬀerent
compositions was obtained via this approach (Table 1; Fig. 1
and S5†).
The resulting block copolymers were purified via transfer
into a selective solvent for the POx block (acetone). Thereby,
aggregation into micellar structures with a PFDMS core and a
POx corona occurs, followed by centrifugation. In that way,
unreacted TB-POxy can be removed by decanting the super-
natant solution afterwards. These block copolymers were
characterized via SEC, FT-IR, and the composition was deter-
mined using NMR. Except for one composition, the excess
TB-POxy homopolymer could be completely removed. However,
in case of PFDMS30-b-PiPrOx75 (Fig. 1A) a shoulder was
observed in the corresponding SEC traces, which can be
ascribed to remaining PiPrOx75 polymer chains. For all other
block copolymers a clear shift of the SEC trace to lower elution
volume in comparison to the corresponding homopolymers is
observed and a complete disappearance of the individual
building blocks (Fig. S5†). Table 1 summarizes the molar
masses and the corresponding weight fractions (wt%) of all
obtained block copolymers.
To be able to study a wide compositional range, weight
ratios from 92/8 to 47/53 for PFDMS-b-PEtOx and 88/12 to
46/54 for PFDMS-b-PiPrOx were prepared. By this, the PFDMS
content changes from the majority phase (PFDMS80-b-PEtOx20
and PFDMS80-b-PiPrOx24) to values slightly below 50%
(PFDMS30-b-PEtOx80 and PFDMS30-b-PiPrOx75). The molar
masses of the diﬀerent block copolymers vary from 10 000 to
30 000 g mol−1. Furthermore, two PFDMS-b-PiPrOx block co-
polymers with almost similar weight fractions but diﬀerent
molar mass (10 000 g mol−1 (PFDMS30-b-PiPrOx24, 75/25) and
30 000 g mol−1 PFDMS80-b-PiPrOx75, 70/30) were synthesized to
investigate the influence of the molar mass on the self-assem-
bly in the bulk and in solution.
Self-assembly in the bulk
For initial bulk studies, we decided to focus on potentially
double crystalline block copolymers, PFDMSx-b-PiPrOxy. The
corresponding materials were investigated via X-ray scattering.
Therefore, the block copolymers were dissolved in a non-selec-
tive solvent, in this case dichloromethane, and drop-casted for
small-angle X-ray scattering (SAXS) studies at room tempera-
ture. In Fig. 2A the SAXS pattern of PFDMS30-b-PiPrOx75
(50/50 wt%) and PFDMS30-b-PiPrOx24 (75/25 wt%) is depicted.
The lamellar morphology was confirmed for PFDMS30-b-
PiPrOx75 and the characteristic peaks for such structural
motifs at integer multiples of the first order peak are visible.
The relative reflex positions 1 : 2 are related to the [100] : [200]
reflections. From the SAXS measurements, the long period was
calculated to dLAM = 19 nm (with Θ = 0.46° for [100]) and is in
good agreement with the results obtained from TEM micro-
graphs of thin-film cuts prepared with an ultramicrotome after
embedding in an epoxy resin (dLAM, TEM = 20 nm; Fig. 2B). In
case of TEM, the rather poor ordering can be partially ascribed
to the sample preparation procedure. In case of the 75/25 wt%
Fig. 1 Comparison of elugrams of PFDMS-N3 (dashed red line), TB-PiPrOx75 (dashed black line) and PFDMS30-b-PiPrOx75 (solid black line), (B) FT-IR
of PFDMS-N3 (light grey line), TB-PiPrOx75 (dark grey line) and PFDMS30-b-PiPrOx75 (black line) (C).
Scheme 1 Synthesis of PFDMSx-b-POxy block copolymers via CuAAC click chemistry between PFDMSx-N3 and TB-POxy.
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ratio of PFDMS/PiPrOx, the resulting pattern leads us to the
assumption of hexagonally packed cylinders of PFDMS
as reflex positions of 1 :√3 :√4 correspond to the
[100] : [110] : [200] reflections. In case of 88/12 and 70/30 wt%
of PFDMS/PiPrOx, the corresponding X-ray patterns unfortu-
nately showed distinctly lower signal intensity in comparison
to PFDMS30-b-PiPrOx75 and prevented an unambiguous
morphology assignment (Fig. S6†).
We were further interested in whether films from PFDMS30-
b-PiPrOx75 (highest content of PiPrOx with 54 wt%) are indeed
double crystalline. Wide-angle X-ray scattering (WAXS) studies
show the characteristic reflections for PFDMS already at room
temperature.47 The corresponding reflections for PiPrOx, at
∼8° and 21° get more prominent during annealing at 100 °C
for 2 h (Fig. S9†), while the signals for PFDMS remain
constant.66,67
Self-assembly in selective solvents for PEtOx and PiPrOx
The PFDMSx-b-PEtOxy and PFDMSx-b-PiPrOxy block copoly-
mers of diﬀerent composition (Table 1) were now investigated
regarding their solution behavior in a selective solvent for the
POx segment. Therefore, the materials were first dissolved in a
non-selective solvent for both blocks, dichloromethane (DCM,
5 mg mL−1) and added dropwise into acetone (5 mL), a selec-
tive solvent for POx, under vigorous stirring. All solutions were
allowed to stir over night at RT and, during that time, consider-
ably increased in turbidity. Eventually evaporated acetone was
replaced the next day and samples for TEM were prepared by
drop-casting (Fig. 3). Under these conditions, the PFDMS
segment is expected to form the (crystalline) micellar core
and the respective POx block serves as corona and provides
solubility in acetone. We have shown earlier that micelles of
PFDMS-containing block copolymer exhibit crystalline cores in
acetone.47
For the materials showing the highest weight fractions of
PFDMS, PFDMS80-b-PEtOx20 (92/8 wt%) and PFDMS80-b-
PiPrOx24 (88/12 wt%), the formation of sheet-like aggregates
with a PFDMS core and rather short POx corona chains can be
expected.68 Indeed, this morphology can be found for both
PFDMS-b-POx systems (Fig. 3A and 3B), where sheets with a
length of several μm are shown. The obtained structures show
several size distributions in dynamic light scattering experi-
ments (DLS; Fig. S7†) and the aggregates start to settle/
precipitate if the solutions are not continuously agitated.
Investigations via atomic force microscopy (AFM), confirmed
the presence of sheets with 15–30 nm in height (Fig. S8†),
lengths up to several μm and widths of more than 100 nm.
The theory of small amphiphilic molecules can, to certain
extend, as well applied to block copolymers, explaining the
Fig. 3 TEM micrographs for block copolymers with diﬀerent ratios of
PFDMS and POx in acetone (0.5 mg mL−1), forming: sheet-like structures
for PFDMS80-b-PEtOx20 (92/8 wt%; (A), PFDMS80-b-PiPrOx24 (88/12 wt%;
(B); vesicular morphologies for PFDMS80-b-PEtOx80 (71/29 wt%; (C),
PFDMS80-b-PiPrOx75 (70/30 wt%; (D); rodlike structures for PFDMS30-b-
PEtOx80 (47/53 wt%; (E), PFDMS30-b-PiPrOx75 (46/54 wt%; (F).
Fig. 2 (A) Comparison of SAXS data for PFDMSx-b-PiPrOxy block copolymers with diﬀerent compositions (wt%): 46/54 (PFDMS30-b-PiPrOx75; red
curve), 75/25 (PFDMS30-b-PiPrOx24; blue curve); (B) TEM micrograph of a thin-ﬁlm cut of PFDMS30-b-PiPrOx75.
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transition from sheets to vesicles (bending).68–72 This can be
seen for PFDMS80-b-PiPrOx75 (75/25 wt%, Fig. 3C) and
PFDMS80-b-PEtOx80 (71/29 wt%, Fig. 3D). In both cases, radii
of roughly 50 nm were found in DLS experiments (Fig. S7†),
and spherical aggregates with diameters between 50–100 nm
were found in TEM, both methods being in good agreement.
According to our experience with star-shaped PEO-b-PFDMS
block copolymers with comparable weight fractions of PFDMS,
we hypothesized that these structures represent vesicles with a
PFDMS membrane wall.65,73 As can be seen for PFDMS80-b-
PiPrOx75, these aggregates start to form anisotropic superstruc-
tures by fusion of several individual particles, which has also
been found in our earlier studies when using THF–EtOH mix-
tures. Here, vesicles with a size of 100 to 200 nm and tubular
superstructures thereof were observed.65,73 The superstructures
found here are likely to be formed by the fusion of several
spherical aggregates and coexist with a small fraction of sheets
and spheres (∼10 nm) as found via TEM. This did not occur in
case of PFDMS80-b-PEtOx80, which at the moment we attribute
to slight diﬀerences in composition. We further tried to verify
our assumption of vesicles being formed by static light scatter-
ing. Unfortunately, the structures start to agglomerate and pre-
cipitate within minutes, if the solutions are not constantly
agitated. This could be observed even at concentrations below
0.07 mg mL−1. AFM studies (not shown) also only indicated
the presence of spherical objects. At this point, we cannot
provide a definite proof for a vesicular morphology and the
spherical objects identified could also represent large com-
pound micelles. The formation of core-corona structures with
a PFDMS core and a PiPrOx corona is doubtful as the particle
diameter with 50–100 nm is rather large if the molecular
weight of the involved unimers is considered. Nevertheless,
earlier experience and the fact that fusion towards anisotropic
superstructures can be observed hints towards the formation
of vesicles.
For materials featuring a roughly symmetric composition
(∼50/50 wt%), rod-like morphologies with a length of several
μm and a width of ∼20 nm, which is also comparable to the
widths of the corresponding lamellae in the bulk state (Fig. 2A),
are observed for PFDMS30-b-PEtOx80 (47/53 wt%, Fig. 3E) and
PFDMS30-b-PiPrOx75, respectively (46/54 wt%, Fig. 3F). Beside
the formation of rods, also agglomerates of rods are observed,
which can be explained by the drying process.
Via variation of the weight fractions within PFDMS-b-POx
block copolymers a wide range of morphologies (sheets, vesi-
cles, cylinders) can be accessed in acetone as selective solvent.
This can be explained by the diﬀerent spatial demand of the
POx chains of diﬀerent length in the corona of the aggregates,
increasing the curvature of the PFDMS core of the structures.
Another interesting aspect is whether the molar mass of the
block copolymer, in addition to the weight fraction, influences
the aggregation behavior in acetone. For this, we specifically
chose the material where, initially, spherical building blocks
are formed, followed by further aggregation into anisotropic
superstructures (cf. Fig. 3D). Two PFDMSx-b-PiPrOxy diblock
copolymers with comparable weight fractions but diﬀerent
molar masses were synthesized: PFDMS30-b-PiPrOx24 (75/25 wt%,
Mn, theo 10 500 g mol
−1) and PDFMS80-b-PiPrOx75 (70/30 wt%,
Mn, theo 29 000 g mol
−1), both showing monomodal size distri-
butions in SEC experiments. Both materials were dissolved in
DCM and transferred to acetone. In both cases, spherical
particles reminiscent of vesicles with sizes of 50–100 nm in
diameter can be found in TEM afterwards, which is in both
cases in agreement with the DLS results (Fig. S7;† Fig. 4).
Conclusion
We described the synthesis of amphiphilic poly(ferrocenyldi-
methylsilane)-block-poly(2-alkyl-2-oxazoline) block copolymers
of diﬀerent composition via conjugation reactions between
two orthogonally functionalized building blocks. After the suc-
cessful copper catalyzed azide–alkyne cycloaddition click reac-
tion the purified block copolymers were investigated regarding
composition and microphase segregation in the bulk and in
acetone as selective solvent for the POx segments. We found
that, depending on the weight fraction of the crystallizable
PFDMS segments, platelet-like, potentially vesicular, and rod-
like aggregates were formed. Regarding further studies, the
transfer of PFDMSx-b-POxy systems with a suﬃciently high
content of POx into aqueous solution and the subsequent temp-
erature-induced crystallization of the POx segment will be
investigated.
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ABSTRACT: We report the synthesis and characterization of well-
defined homo- and diblock copolymers containing poly(furfuryl
glycidyl ether) (PFGE) via living anionic ring-opening polymeriza-
tion using different initiators. The obtained materials were char-
acterized by SEC, MALDI-TOF MS, and 1H NMR spectroscopy
and molar masses of up to 9400 g/mol were obtained for PFGE
homopolymers. If the amphiphilic diblock copolymer PEG-block-
PFGE was dissolved in water, micelles with a PFGE core and a
PEG corona were formed. Hereby, the hydrophobic PFGE core
domains were used for the incorporation of a suitable bismalei-
mide and heating to 60 C induced the crosslinking of the micel-
lar core via Diels-Alder chemistry. This process was further
shown to be reversible. VC 2012 Wiley Periodicals, Inc. J Polym
Sci Part A: Polym Chem 50: 4958–4965, 2012
KEYWORDS: anionic polymerization; block copolymers; cross-
linking; furfuryl glycidyl ether; poly(ethylene glycol); ring-open-
ing polymerization; self-assembly; self-healing
INTRODUCTION The preparation of micellar structures with
controlled size, solubility, and surface chemistry for example,
the controlled uptake and/or delivery of guest substances in
selected compartments has rapidly increased over the last
years.1,2 Quite often, poly(ethylene glycol) (PEG) has been
employed as the hydrophilic block, as PEG is non-toxic,
chemically inert and highly water-soluble.3,4
For the preparation of well-defined, functionalized PEG and
related poly(glycidyl ethers) with controlled molar masses,
low polydispersity indices (PDIs), and predictable architec-
tures, living anionic ring-opening polymerization (ROP) rep-
resents a powerful tool. Poly(glycidyl ethers) offer the possi-
bility to introduce additional side-chain functionality into
polyether-based polymers and block copolymers. This has
been shown for example, PEG-block-poly(allyl glycidyl ether)
block copolymers and their self-assembly into micelles in
aqueous solution.5 The PAGE segment enables post-polymer-
ization modifications using thiol-ene chemistry and, there-
fore, the covalent attachment of drugs or bioactive moi-
eties.6–10 In that respect, Hruby´ reported the attachment of
doxorubicin, a drug commonly used in cancer therapy, to the
PAGE compartment featuring a pH-sensitive linker to enable
the selective cleavage of the drug at the target.11 Besides
PAGE, ethoxy ethyl glycidyl ether (EEGE),12,13 or isopropyli-
den glyceryl glycidyl ether can be used for the synthesis of
functional polyethers.14
An additional possibility for a (reversible) post-polymerization
functionalization is the introduction of furfuryl groups. Kavita
et al. used furfuryl methacrylate as a comonomer in the ATRP
of methacrylates.15 After polymerization, the furfuryl groups
could be used in a subsequent Diels-Alder reaction for exam-
ple, cross-linking and network formation.16,17 Further heating
above a certain temperature can be used to induce a retro-
Diels-Alder reaction, resulting in a cleavage of the network
junctions. Subsequent cooling restores the network and the
process was shown to be fully reversible. One possible appli-
cation field for these systems are self-healing materials, as
recently demonstrated for PEG-based networks.18,19 As an
example for polyethers carrying furfuryl moieties in the side-
chain, poly(furfuryl glycidyl ether) (PFGE) has been prepared
using condensation reactions but with limited control over
molar mass, molecular architecture, and PDI values.20
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Here, we report the synthesis of well-defined PFGE
homopolymers and the corresponding poly(ethylene glycol)-
block-poly(furfuryl glycidyl ether) (PEG139-b-PFGE12) diblock
copolymer by living anionic ROP using different initiators
[Diphenylmethyl potassium DPMK, sodium hydride (NaH),
cesium hydroxide monohydrate (CsOH), and potassium t-
butanolate (t-BuOK)]. Due to the hydrophobic nature of the
PFGE block, poly(ethylene glycol)-block-PFGE (PEG-b-PFGE)
diblock copolymers undergoes self-assembly in dilute aque-
ous solution into micelles with a PFGE core and a PEG co-
rona. We show that a suitable crosslinker, 1-10-(methylenedi-
4,1-phenylene)bismaleimide (BMA), can be successfully
encapsulated within the PFGE core domains and used for
core-crosslinking upon heating of the micellar solution to 60
C. This could be verified by dialysis of the aggregates into
non-selective solvents (THF, DMF) where the micellar struc-
ture could be retained. We further demonstrate that the
crosslinking process is reversible to a certain extent.
EXPERIMENTAL
Instruments
1H NMR spectra were recorded on a Bruker AC 300 MHz.
Size exclusion chromatography was performed on either a
Shimadzu SCL-10 A system (with a LC-10AD pump, a RID-10
A refractive index detector, and a PL gel 5 lm mixed-D col-
umn at 25 C) where the eluent was a mixture of chloro-
form:triethylamine:isopropanol (94:4:2) with a flow rate of 1
mL/min or on an Agilent Technologies 1200 Series SEC sys-
tem equipped with a G131A isocratic pump, a G1329A auto-
sampler, a G1362A refractive index detector, and both a PSS
Gram 30 and a PSS Gram 1000 columns in series. 2.1% LiCl
solution in DMA was used as eluent at 1 mL/min flow rate
at a column oven temperature of 40 C. Both systems were
calibrated with PEG standards from PSS (Mn ¼ 1470–
42000 g/mol).
MALDI-TOF mass spectra were obtained using an Ultraflex III
TOF/TOF mass spectrometer (Bruker Daltonics) with trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononi-
trile or 2,5-dihydroxybenzoic acid as matrix in reflector as
well as in linear mode. The instrument was calibrated prior
to each measurement with an external PMMA standard from
PSS Polymer Standards Services GmbH.
DLS was performed at a scattering angle of 90 on an ALV
CGS-3 instrument and a He–Ne laser operating at a wave-
length of k ¼ 633 nm at 25 C. The CONTIN algorithm was
applied to analyze the correlation functions obtained. Appa-
rent hydrodynamic radii were calculated according to the
Stokes–Einstein equation. All CONTIN plots are number-
weighted.
Transmission electron microscopy (TEM) was performed on
a Zeiss-CEM 902A, Oberkochen, Germany operating at 80 kV.
Images were recorded using a 1k TVIPS FastScan CCD cam-
era. No staining of the samples was necessary. For sample
preparation, a drop of the micellar solution was cast onto
carbon-coated TEM grids, the solvent was blotted away using
filter paper, and the structures were imaged after drying.
Materials
Ethylene oxide (EO), furfuryl glycidyl ether (FGE), sodium
hydride in mineral oil, potassium t-butanolate, cesium hy-
droxide monohydrate, N, N-dimethylformamide (DMF), tetra-
hydrofuran (THF), and toluene were purchased from Aldrich.
Toluene was used directly from a solvent purification system
(PureSolv, Innovative Technology). THF was distilled from so-
dium/benzophenone. EO was distilled from sodium. FGE was
purified by column chromatography (eluent: ethylacetate/
n-hexane 5/1) and vacuum drying before usage. Diphenyl-
methyl potassium (DPMK) was synthesized as reported pre-
viously.1 Sodium hydride was washed with dry cyclohexane
to remove the mineral oil and stored under argon. Cesium
hydroxide was suspended in dry toluene and the solvent
was removed under vacuum at 90 C to dry the cesium hy-
droxide. The PEG precursor was synthesized via living ani-
onic ROP of EO with DPMK in THF in a Bu¨chiGlasUster Pico-
Clave and dried via azeotropic distillation under vacuum
from dry toluene. t-BuOK was used as received.
Polymerization of FGE in the Bulk
t-BuOK (5.6 mg, 0.05 mmol) were transferred into a Schlenk
flask under inert conditions and 0.45 mL FGE (3.24 mmol,
the ratio M:I was 65:1, Mn,theo ¼ 10,000 g/mol) were added.
The mixture was kept for 24 h at 45 C under vigorous stir-
ring. The reaction was terminated by the addition of 0.1 mL
methanol and the product was dried under vacuum. SEC: Mn
¼ 5500 g/mol, PDI ¼ 1.18. The synthesis of PFGE using
NaH, CsOH, and DPMK as initiators was carried out using
the same procedure.
Polymerization of FGE in Solution
Four milliliter of freshly prepared THF were transferred into
a Schlenk flask and 0.071 mL DPMK (0.05 mmol) were
added. Afterwards, 0.45 mL (FGE, 3.24 mmol, ratio of M:I
was 65:1, and Mn,theo ¼ 10,000 g/mol) were introduced and
the reaction was allowed to stir for 24 h at 45 C. The reac-
tion was terminated by the addition of 0.5 mL methanol and
the product was dried under vacuum.
1H NMR (300 MHz, DMSO-d6, d, ppm): 3.6–3.2 (br, 5H), 3.9
(t, 1H), 4.42 (s, 2H), 6.28 (m, 2H), 7.26–7.1 (m, 10H), and
7.36 (s, 1H). SEC: Mn ¼ 2900 g/mol, PDI ¼ 1.09; MALDI-
TOF MS: Mp ¼ 8200 g/mol.
The synthesis of PFGE using NaH, CsOH, and DPMK as initia-
tors was carried out using the same procedure.
Synthesis of PEG-b-PFGE
One gram monohydroxy-functionalized PEG (Mp,MALDI ¼
6100 g/mol, 0.16 mmol) was dried under vacuum at 75 C
for 2 h and dissolved in 10 mL freshly prepared THF. To acti-
vate the hydroxyl group, a stoichiometric amount of DPMK
was added until the solution remained slightly red. FGE
(0.73 mL, 5.3 mmol) were added and the reaction mixture
was stirred for 24 h at 45 C. The reaction was terminated
by the addition of 0.5 mL methanol and the crude polymer
was purified by precipitation in cold diethyl ether and dried
under vacuum.
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1H NMR (300 MHz, DMSO-d6, d, ppm): 3.65–3.15 (br, PEG-
backbone), 3.95 (t, 1H), 4.3 (s, 2H), 6.3 (m, 2H), 7.2–7.05 (m,
10H), 7.5 (s, 1H). SEC: Mn ¼ 6000 g/mol, PDI ¼ 1.06;
MALDI-TOF MS: Mp ¼ 8050 g/mol
RESULTS AND DISCUSSION
Synthesis of PFGE
The living anionic ring-opening polymerization (AROP) of allyl
glycidyl ether (AGE) or EEGE represents a facile strategy for the
introduction of functional groups into polyether-based materials,
thus enabling post-polymerization functionalizations.14 In most
cases, click chemistry is used to modify the polymer and to
adjust its properties, either in solution or in the bulk. FGE is
another promising monomer for anionic ROP and subsequent
post-polymerization functionalization via the pendant furane
ring by, for example, Diels-Alder reactions. However, FGE was
up to now only used in condensation reactions, exhibiting lim-
ited control over molar masses or PDI values.20
FGE was purified by column chromatography, followed by
vacuum drying before usage in anionic ROP reactions. The
homopolymerization in THF was first studied using DPMK as
initiator, synthesized according to literature procedures.21
For this system lower molar masses than expected were
observed, even if longer reaction times (48 h) were used.
Therefore, a general study of the FGE homopolymerization
was performed. Hereby, we focused on different initiators for
the AROP [DPMK, sodium hydride (NaH), cesium hydroxide
monohydrate (CsOH), and potassium t-butanolate (t-BuOK)]
(Fig. 1).
In addition, to study the influence of THF as solvent, the
reactions were performed in solution as well as in the bulk.
It can be clearly seen from the SEC traces [Fig. 2(a); Table 1]
that t-BuOK (solid black line, Mn,app ¼ 5500 g/mol) lead to
(apparently) higher molar masses than DPMK (dashed black
line, Mn,app ¼ 3100 g/mol) under bulk conditions. CsOH
(dotted black line, Mn,app ¼ 2800 g/mol), and NaH (black
line with alternating dots and dashes, Mn,app ¼ 2700 g/mol)
lead to even lower molar masses. However, coupling prod-
ucts were observed in case of t-BuOK, DPMK, and CsOH (bi-
modal distributions), as well as a broadening of the molar
mass distribution using NaH as initiator.
To obtain a full picture, all initiators for the anionic ROP
were also tested in THF. The results are displayed in Figure
2(b) and Table 1. The best results were obtained in case of
t-BuOK (solid black line, Mn,app ¼ 2900 g/mol), leading to
well-defined PFGE with higher molar masses as DPMK (dot-
ted black line, Mn,app ¼ 2800 g/mol). No polymer was
obtained for NaH, whereas CsOH (dashed black line, Mn,app
¼ 865 g/mol) again yielded lower molar masses.
For a detailed characterization of the obtained homopoly-
mers, the DPMK initiated sample was studied using MALDI-
TOF MS and 1H NMR spectroscopy [Fig. 3(a,b)].
In this case, a molar mass (Mp) of 8200 g/mol could be
determined by MALDI-TOF MS. The observed isotopic pat-
tern in MALDI-TOF MS [Fig. 3(a), inset] corresponds well to
FIGURE 1 Schematic representation of the homopolymeriza-
tion of FGE.
FIGURE 2 SEC traces for PFGE obtained by homopolymerization in bulk (a) and in THF (b) using different initiators for living ani-
onic ROP.
TABLE 1 Characterization Data for the PFGE Homopolymers
Initiated Using Different Initiators in Bulk and in Solution
Initiator
In Bulk In THF
Mn
a Mw
a PDIa Mn
a Mw
a PDIa
NaH 2700 3200 1.18 – – –
CsOH 2800 3300 1.18 865 900 1.06
DPMK 3100 3500 1.11 2800 3150 1.09
t-BuOK 5500 7000 1.28 2900 3100 1.10
a Obtained by SEC (CHCl3:i-Prop.:TEA 94:4:2, using PEG standards).
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the calculated mass distribution with a repeating unit of
154 g/mol. The small second distribution can be attributed
to side-reactions occurring during the measurement. In the
1H NMR spectrum [Fig. 3(b)], the characteristic peaks for the
furane ring at 7.36 and 6.26 ppm (e and d), as well as the
signals for the phenyl groups of the initiator at 7.26 ppm (a)
could be detected. It could be observed that the polymer
shows significantly lower molar masses in the SEC measure-
ments in comparison to the values determined by NMR and
MALDI-TOF MS.
To probe the reaction kinetics for FGE, a polymerization aim-
ing at a molar mass (Mn) of 10,000 g/mol (ratio of M:I was
65:1) using t-BuOK as initiator was performed in THF and
monitored by a combination of SEC and 1H NMR measure-
ments. The results are displayed in Figure 4 and Table 2.
As shown in Figure 4(a) in the SEC measurements, almost
no increase in the molar mass can be seen after 12 h. The
conversion of the monomer was simultaneously monitored
by 1H NMR spectroscopy (Supporting Information Figure
S1a) via the decrease of the characteristic signal of the
proton next to the oxirane ring at 3.05 ppm. The signal of the
two protons of the furane ring [Fig. 2(d)] was used as an in-
ternal standard. For the T24 sample (Mn,app ¼ 3450 g/mol) a
monomer conversion of 100% could be obtained, whereas
T12 (Mn,app ¼ 3450 g/mol) yielded 90% FGE consumption.
The living character of the polymerization is demonstrated by
the semilogarithmic plot of the monomer concentration at t ¼
0 (M0) divided by the concentration at t ¼ n (Mn) as dis-
played in Supporting Information Figure S1b. As shown in
Figure 4(b), MALDI-TOF MS measurements yielded a molar
mass (Mp) of 9400 g/mol for T24, being in good agreement
with the targeted value of 10,000 g/mol. The small differen-
ces can be attributed to the handling of the initiator in very
small amounts (6 mg t-BuOK) in the glovebox.
Synthesis of PEG-b-PFGE
For the synthesis of an AB diblock copolymer, PEG-b-PFGE,
sequential anionic ROP of EO and FGE, respectively
[Fig. 5(a)] was performed. As initiator, DPMK was used due
to the possibility of an exact titration of the hydroxyl groups
of the PEG macroinitiator, presumably avoiding the formation
of homopolymer due to an excess of initiator. The PEG
FIGURE 3 MADLI-TOF MS spectrum (a) and 1H NMR (DMSO-d6, 300 MHz) spectrum (b) of PFGE.
FIGURE 4 SEC traces for a kinetic study of the PFGE homopolymerization (a) and the corresponding MALDI-TOF MS spectrum of
the final product (b, Mp ¼ 9400 g/mol).
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precursor was prepared using DPMK as initiator for EO in
THF.21 The corresponding macroinitiator, PEG-OH with a
molar mass (Mn) of 6100 g/mol and a PDI value of 1.05, was
subsequently reactivated using DPMK, followed by the addition
of FGE. MALDI-TOF MS [Fig. 5(b)] revealed a molar mass (Mn)
of 8050 g/mol for the obtained PEG-b-PFGE diblock copolymer.
Both PEG-OH and PEG-b-PFGE were further analyzed by SEC
[Fig. 5(c)] and a shift to lower elution volume as well as a nar-
row PDI of 1.06 was obtained for the diblock copolymer.
The characteristic signals of the PEG backbone (3.5–
3.2 ppm) and the furfuryl groups in the side-chain (7.5, 6.3,
and 4.3 ppm) are also visible in the 1H NMR spectrum
(Supporting Information Fig. S2), resulting in a composition
of PEG139-b-PFGE12, where the subscripts denote the degrees
of polymerization of the respective segment.
As shown in Table 3 for PEG-b-PFGE, the obtained molar
mass (Mn) of 8200 g/mol is significantly lower than the cal-
culated one with 10,000 g/mol. One possible explanation for
this could be the formation of aggregates during the poly-
merization in THF, thus limiting the molar mass. If the
diblock copolymer is directly dissolved in THF, dynamic light
scattering (DLS) yields mainly unimolecular polymer chains
(Rh,app ¼ 4 nm), but also larger aggregates (Rh,app ¼
300 nm) after 24 h (Supporting Information Fig. S3). This
confirms the results obtained for the homopolymerization of
FGE using different initiators, that is, that the ROP of FGE in
THF does not reach full conversion if DPMK is used as an
initiating system. Nevertheless, THF remained the solvent of
choice due the even larger aggregates (100 nm) formed
immediately after dissolving PEG-b-PFGE in toluene and the
insolubility of PEG-b-PFGE in cyclohexane or ethylbenzene.
Self-Assembly of PEG-b-PFGE in Water
Due to its amphiphilic nature, PEG139-b-PFGE12 forms
micelles in dilute aqueous solution, as demonstrated using
DLS experiments. The structures presumably consist of a
hydrophobic PFGE core and a hydrophilic PEG corona
[Fig. 6(a)] and we assume a spherical shape of the particles.
Directly after dissolution in water, micelles of Rh,app ¼ 10 nm
and with a rather narrow size-distribution were obtained
TABLE 2 Characterization Data for the Kinetic Study of the
PFGE Homopolymerization
Sample Mn
a Mw
a PDIa Conversionb (%)
PFGE T1 900 1000 1.11 11
PFGE T2 1800 1900 1.07 30
PFGE T4 2750 3050 1.11 45
PFGE T6 3150 3500 1.10 64
PFGE T8 3300 3700 1.11 77
PFGE T10 3400 3800 1.12 82
PFGE T12 3450 3850 1.12 90
PFGE T24 3450 3850 1.12 100
a Obtained by SEC (CHCl3:i-Prop.:TEA 94:4:2, using PEG standards).
b Determined by 1H NMR.
FIGURE 5 Synthesis of PEG-b-PFGE using sequential living anionic ROP (a), MALDI-TOF MS spectrum (b), and SEC traces for the
PEG precursor (dashed black line) and PEG-b-PFGE (c, solid gray line).
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(Supporting Information Fig. S3a). The core-forming block,
PFGE, can now be crosslinked via a Diels-Alder reaction,
using a bisfunctional crosslinker, for example, a bismaleimide
[Reaction scheme in Fig. 6(a)]. The controlled crosslinking of
selected domains in micellar structures is desirable and can
be used to enhance their resistance against degradation,
limit the diffusion of guest molecules into or out of the core
domains, or ensure the stability within desired environ-
ments.22–24
In our case, crosslinking of the micellar core was achieved
by a [4 þ 2] cycloaddition reaction [Fig. 6(a)]. For this pur-
pose, PEG139-b-PFGE12 and a bisfunctional crosslinker, 1-1
0-
(methylenedi-4,1-phenylene)bismaleimide (BMA), were dis-
solved in DMF at a concentration of 15 g/L and a molar ratio
crosslinker/PFGE of 50/1. To encapsulate the BMA linker
within the hydrophobic PFGE core domains, water was
slowly added until a turbid solution was obtained
(water:DMF ¼ 2:1). The remaining DMF was then removed
by dialysis against water and the resulting aqueous solution
was analyzed by DLS. The exact amount of encapsulated ma-
terial is difficult to estimate, as BMA is insoluble in water
and partially precipitated during dialysis. For the PEG139-b-
PFGE12 micelles containing BMA in the core, a radius of
Rh,app ¼ 6 nm was detected in water afterwards. To induce
crosslinking of the core domains, the solution was subse-
quently heated to 60 C for several hours. According to DLS,
the micellar size did not change significantly upon the cross-
linking procedure [Fig. 6(b)]. To prove the successful cross-
linking of the PFGE core, the micelles were transferred to
nonselective solvents for both blocks, THF and DMF. There-
fore, the aqueous micellar solution was poured into an
excess of, for example, THF so that the ratio was THF:H2O ¼
6:1 (concentration ¼ 0.8 g/L), dialyzed against THF and
again analyzed by DLS [Fig. 6(c)]. Here, micelles with a ra-
dius of Rh,app ¼ 15 nm could be detected. The increase in
size can be explained by a certain swelling of the crosslinked
PFGE core in THF as a nonselective solvent. In a next step,
the solvent was removed under vacuum and DMF as an al-
ternative nonselective solvent was added (concentration ¼
1.6 g/L). Again, DLS studies revealed micelles with a solvent-
swollen PFGE core and a radius of Rh,app ¼ 10 nm even after
several days [Fig. 6(d)]. These results clearly indicate a suc-
cessful crosslinking of the PFGE core. The structure of the
PEG-b-PFGE micelles was also investigated using TEM
(Fig. 7). As can be seen, spherical structures with diameters
of 20 nm but also larger species, most probably due to
aggregation occurring during the drying process, can be
TABLE 3 Characterization Data for Homopolymers and Block
Copolymers
Sample
Mn,theo
(g/mol)
Mn,SEC
(g/mol)
Mp,MALDI
(g/mol) PDI
PEGa 5000 5100b 6100 1.05b
PEG139-b-PFGE12
c 10,000 6000b 8050 1.06b
a Precursor.
b Obtained by SEC (CHCl3:i-Prop.:TEA 94:4:2, using PEG standards).
c Subscripts denote the degrees of polymerization of the corresponding
block determined by 1H NMR spectroscopy.
FIGURE 6 Crosslinking of the micellar core (a), number-weighted DLS CONTIN plots for PEG-b-PFGE micelles in water after cross-
linking (b), in THF (c), and DMF (d), and after the retro-Diels-Alder reaction in DMF (e).
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observed directly after dissolution of PEG139-b-PFGE12 in
water [Fig. 7(a)]. The dark spots represent the PFGE core;
the PEG corona is not visible under these conditions. After
crosslinking of the PFGE core and subsequent dialysis into
THF, again spherical micelles can be observed [Fig. 7(b)].
Here, core sizes of 10–20 nm are observed, again proving a
successful crosslinking of the PFGE core domains.
Additionally, the crosslinking could be proven by the disap-
pearance of the furan signals (6.3 and 4.3 ppm, Fig. 8) in 1H
NMR after prolonged heating at 60 C (Fig. 8). Moreover, a
new signal (5.3 ppm) appears which can be assigned to the
double bond formed during the DA reaction. Although this
indicates complete consumption of the furan moieties, the
exact amount of encapsulated BMA is unknown and the
presence of unreacted PFGE cannot be excluded. As the
crosslinking via Diels-Alder chemistry should be reversible,
the micellar solution was further heated to higher tempera-
tures (150 C) for 30 min in DMSO. As shown in Figure 8,
the signals for the furan ring reappear, but also the signal
for the cross-linked species is still present. Integration sug-
gests that 50% of the core undergo retro-DA reactions
under these conditions, also for longer reaction times (6 h).
Nevertheless, DLS after 2 h shows that unimolecular block
copolymer chains are present [Rh,app ¼ 2 nm, Fig. 6(e)]. Pre-
sumably, the dissolution of the micellar core leads increases
the conformational freedom of the polymer chains and
decreases the concentration of reaction sites, which might
explain the incomplete retro-DA reaction.
CONCLUSION
In summary, we synthesized well-defined homo- and diblock
copolymers containing FGE with a narrow molar mass distri-
bution (PDI < 1.1), molar masses (Mp) of up to 9400
g/mol for PFGE, and studied the influence of different initia-
tors and the reaction kinetics in detail. For the PEG139-b-
PFGE12 diblock copolymer, self-assembly in aqueous solution
resulted in the formation of well-defined spherical micelles
with a PFGE core and a PEG corona. One intriguing feature of
the herein employed hydrophobic domain, PFGE, is that it can
be reversibly crosslinked using Diels-Alder chemistry. The
core-crosslinked micelles retain their structure in nonselective
solvents like THF or DMF. For the retro-DA process, however,
high temperatures are necessary and only a conversion of
50% could be observed. Nevertheless, the micellar cores were
shown to disassemble into unimolecular chains. One possible
improvement regarding the crosslinking process could be the
use of a bismaleimide linker with a less rigid or pH-labile
spacer, improving either the solubility or a triggered dissolu-
tion of the micellar cores. Although the initial results reported
here describe only one single diblock copolymer (PEG139-b-
PFGE12), the concept could be convincingly demonstrated. In
the future, we will extend this to block copolymers with dif-
ferent weight fractions, giving access to other and also more
complex morphologies in solution.25 Whereas the reversible
crosslinking of the core in spherical core-corona systems
might be interesting for controlled release or surface pattern-
ing from non-selective solvents, such processes would be very
FIGURE 7 TEM micrographs of PEG139-b-PFGE12 micelles cast from aqueous solution (a) or after crosslinking of the PFGE core
and subsequent dialysis to THF (b) onto carbon-coated TEM grids.
FIGURE 8 Characteristic region of the 1H NMR (DMSO, 300
MHz) spectrum of PEG-b-PFGE, core-crosslinked micelles, and
the retro-Diels-Alder product.
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appealing if applied to vesicular,26 tubular, or cylindrical
structures.27
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 1. Introduction 
 The capability to heal inﬂ icted damage is ubiquitous in nature 
as, e.g., shown via the merging of broken bones, the closure 
of injured blood vessels, [ 1–3 ] or the healing of byssal threads 
of marine mussels. [ 4 ] The present aware-
ness that the availability of raw materials 
will decrease, accompanied by increasing 
material and production costs, renders 
self-healing approaches an attractive 
research ﬁ eld in polymer chemistry and 
materials science. Particular interest 
is devoted to the facile introduction of 
such features into mechanically robust 
polymeric systems whilst maintaining 
synthetic feasibility and, even more 
important, processability of the resulting 
materials. 
 Different methods have been reported 
to introduce self-healing properties to a 
polymeric material. [ 5–7 ] One possibility 
is the encapsulation of reactive ingredi-
ents (a polymerizable healing agent and 
an initiator) within the desired mate-
rial. Scratching or crack formation leads to a release of the 
embedded substances (e.g., by rupture of microcapsules), fol-
lowed by mixing of both ingredients and resulting in a healing 
process of the damaged material. [ 8 ] This approach was also 
extended by the introduction of vascular networks containing 
a healing agent, which was released upon rupture. [ 9 ] Therefore, 
multiple healing processes are possible. A second approach 
represents the use of intermolecular forces. For this purpose, 
reversible interactions (i.e., crosslinks) of polymer chains with, 
e.g., hydrogen bonds represent a widely used strategy. After 
being damaged, these bonds allow a healing due to the refor-
mation of bonds without any external stimuli such as heating 
or irradiation being necessary. This has been achieved using 
highly speciﬁ c donor-acceptor systems, [ 10–15 ] and could recently 
be also applied for “hard” epoxy networks. [ 16 ] Another example 
of this approach are metal-ligand interactions. Thereby, mate-
rials consisting of polymers or oligomers comprising reversible 
non-covalent metal-ligand interactions (e.g., 2,6-bis(1′-methylb-
enzimidazolyl)pyridine or terpyridine, as well as corresponding 
metal ions) can heal inﬂ icted damage. [ 17 , 18 ] Also, this ability 
represents an inherent material characteristic (i.e. intrinsic self-
healing materials) and does not require the encapsulation of 
external healing agents. Moreover, the application of  π – π inter-
actions in self-healing processes has also been demonstrated 
for, e.g., pyrenyl units which interact with naphthalene diimide 
oligomers to reversibly crosslinked polymeric networks. [ 19 , 20 ] 
Self-Healing Materials via Reversible Crosslinking of 
Poly(ethylene oxide)- Block -Poly(furfuryl glycidyl ether) 
(PEO- b -PFGE) Block Copolymer Films
 The application of well-deﬁ ned poly(furfuryl glycidyl ether) (PFGE) homopoly-
mers and poly(ethylene oxide)- b -poly(furfuryl glycidyl ether) (PEO- b -PFGE) 
block copolymers synthesized by living anionic polymerization as self-healing 
materials is demonstrated. This is achieved by thermo-reversible network 
formation via (retro) Diels-Alder chemistry between the furan groups in the 
side-chain of the PFGE segments and a bifunctional maleimide crosslinker 
within drop-cast polymer ﬁ lms. The process is studied in detail by differential 
scanning calorimetry (DSC), depth-sensing indentation, and proﬁ lometry. It is 
shown that such materials are capable of healing complex scratch patterns, 
also multiple times. Furthermore, microphase separation within PEO- b -PFGE 
block copolymer ﬁ lms is indicated by small angle X-ray scattering (lamellar 
morphology with a domain spacing of approximately 19 nm), differential 
scanning calorimetry, and contact angle measurements. 
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 2. Experimental Section 
 2.1. Instruments 
 1 H NMR spectra were recorded on a Bruker AC 300 MHz 
spectrometer in chloroform. Size exclusion chromatography 
(SEC) was performed on a Shimadzu SCL-10A system (with 
a LC-10AD pump, a RID-10A refractive index detector, and 
a PL gel 5  μ m mixed-D column at RT), the eluent was a mix-
ture of chloroform:triethylamine: iso -propanol (94:4:2) with 
a ﬂ ow rate of 1 mL min  − 1 . The system was calibrated with 
poly(ethylene glycol) standards from PSS ( M n  = 1470 g mol  − 1 
to 42 000 g mol  − 1 ). MALDI–ToF mass spectra were obtained 
using an Ultraﬂ ex III ToF/ToF mass spectrometer (Bruker 
Daltonics) with  trans -2-[3-(4- tert -butylphenyl)-2-methyl-2-prope-
nylidene] malononitrile (DCTB) or 2,5-dihydroxybenzoic acid 
(DHB) as matrix in reﬂ ector as well as in linear mode. The 
instrument was calibrated prior to each measurement with an 
external PMMA standard from PSS Polymer Standards Ser-
vices GmbH. Surface topography as well as ﬁ lm thicknesses 
were measured using an optical interferometric proﬁ ler Wyko 
NT9100 (Veeco, Germany). The instrument is equipped with 
three objectives (2.5 × , 5 × and 20 × ), which enable effective mag-
niﬁ cations between 1 × to 40 × . Differential scanning calorimetry 
(DSC) was performed on a Netzsch DSC 204 F1 equipped with 
a liquid nitrogen dewar. Dried samples were weighed into alu-
minum crucibles in amounts ranging from 5 to 20 mg, and an 
empty aluminum crucible was used as reference. The samples 
were measured with a temperature program consisting of three 
heating runs ranging from –150 to 150  ° C with a heating rate 
of 20 K min  − 1 for the ﬁ rst heating run and 10 K min  − 1 for the 
second and third heating runs. The glass transition tempera-
tures ( T g ) were determined from the second and third heating 
runs (onset value). All thermograms were exported in graphs 
with exo down. 
 Mechanical Properties : The elastic moduli of the materials 
were characterized via depth-sensing indentation (DSI) using 
a TriboIndenter TI 900 (Hysitron Inc., Minneapolis, MN) with 
a NanoDMA 06 transducer, equipped with a conospherical 
diamond indenter tip of  ≈ 4.7  μ m radius. The polymer ﬁ lms 
were prepared by drop casting and dried afterwards under air. 
The measurements were conducted at ambient conditions, at 
23  ± 1  ° C and 31  ± 6% relative humidity (RH) for PFGE 55 and 
at 23  ± 1  ° C and 30.0  ± 3% RH for PEO 330 - b -PFGE 20 , as meas-
ured with a Voltcraft DL–141TH data logger. For quasi-static 
testing, an open loop load function with 1 s loading, 2 s hold 
at maximum load, and 1 s unloading proﬁ le was applied. [ 49 ] 
All measurements were performed in a single automated run 
in less than 3 h for one sample. The reduced modulus E r was 
determined from the unloading response using the analysis 
method proposed by Oliver and Pharr. [ 50 ] Measurements were 
repeated at sixteen maximum loads in a 4  × 4 array, for PFGE 55 
increasing in steps of 120  μ N from 100 to 1900  μ N or in steps 
of 140  μ N from 100 to 2200  μ N, respectively. PEO 330 - b -PFGE 20 
was measured in steps of 100  μ N from 100 to 1600 for the ﬁ lm 
and in steps of 120  μ N from 100 to 1900  μ N for the crosslinked 
sample. Values are averaged from at least ten measurements 
each. From the reduced modulus  E r , the indentation modulus 
 The temperature-dependent reversible covalent crosslinking 
of polymers or block copolymers represents another inter-
esting concept for the implementation of intrinsic self-healing 
into a material. Hereby, the Diels-Alder reaction represents 
a powerful tool. [ 21–27 ] One well-known example is the combi-
nation of furan and maleimide functionalities. [ 28–30 ] In this 
context, we have recently reported that furfuryl glycidyl ether 
can be used as a monomer for living anionic polymerization 
and the preparation of well-deﬁ ned poly(ethylene oxide)- b -
poly(furfuryl glycidyl ether) (PEO- b -PFGE) block copolymers 
comprising furan units in the side chain. [ 31 ] Subsequently, the 
furan units were used for the reversible core-crosslinking of 
the micelles formed by these block copolymers in selective 
solvents for the PEO segment. The application of polymer 
networks bearing free furan groups with a suitable linker 
(e.g., bismaleimides) in reversible Diels-Alder reactions rep-
resents a powerful system for potential self-healing applica-
tions. [ 21–24 , 28–30 , 32–34 ] This has been recently reported in the 
case of furfuryl glycidyl ether, [ 35 , 36 ] where the epoxy-ring was 
used in a condensation reaction with amino groups to create 
polymeric materials. These polymers can be turned into a 
network structure by reacting them with a bismaleimide 
compound. 
 We were now interested in exploiting the features of 
PEO- b -PFGE block copolymers for the generation of self-
healing materials, in particular of nanostructured polymer 
ﬁ lms. Apart from the use of PEO-related materials in bio-
logical and medical context for PEG-ylation or drug-delivery 
approaches, PEO is widely used in the ﬁ eld of coatings. 
Here, antifouling properties, proliferated cell adhesion, 
or the coating of food supplement products have been 
described. [ 37–42 ] Moreover, the employment of block copoly-
mers in self-healing applications represents an attractive 
approach. Such materials undergo microphase separation in 
bulk into a variety of well-documented morphologies. [ 43 ] In 
the case of AB diblock copolymers, this might be one way to 
solve a fundamental problem related to self-healing materials: 
the combination of strong reversible interactions between 
individual polymer chains together with dynamic proper-
ties (low glass transition temperature segments). However, 
such approaches have been rarely described, [ 44–48 ] as mostly 
statistical or random copolymers have been used for such 
purposes. 
 We herein describe the synthesis of well-deﬁ ned PEO-
 b -PFGE block copolymers via living anionic ring-opening 
polymerization. Films of these materials were reversibly 
crosslinked using Diels-Alder (DA)/retro Diels-Alder (rDA) 
chemistry and investigated with regard to possible self-
healing behavior. Multiple healing cycles as well as even 
complex damage patterns can be recovered, and the extent 
of the healing process (length, width of scratches as well as 
the time frame) were carefully investigated with a combi-
nation of differential scanning calorimetry (DSC), depth-
sensing indentation, and proﬁ lometry studies. We further 
show that PEO- b -PFGE block copolymers undergo phase 
separation in the bulk, as indicated by small angle X-ray scat-
tering, differential scanning calorimetry, and contact angle 
measurements. 
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 SEC:  M n  = 2900 g mol  − 1 ,  M w  = 3100 g mol  − 1 , PDI  = 1.07; 
MALDI–ToF MS:  M p  = 8400 g mol  − 1 
 Synthesis of PEO-b-PFGE Block Copolymers : PEO 330 - b -PFGE 10 : 
3.45 g monohydroxy-functionalized PEO ( M n,SEC  = 14 000 g mol  − 1 , 
PDI  = 1.05,  M p,MALDI  = 14 500 g mol  − 1 , 0.24 mmol) was dried 
under vacuum at 75  ° C for 2 h and dissolved in 30 mL freshly 
distilled THF. To activate the hydroxyl group, a stoichiometric 
amount of DPMK was added until the solution remained 
slightly red. 0.33 mL (2.4 mmol) FGE was added and the reac-
tion mixture was allowed to stir for 24 h at 45  ° C under inert 
conditions. The reaction was terminated by the addition of 
0.5 mL methanol and the crude polymer was puriﬁ ed by pre-
cipitation in cold diethyl ether and dried under vacuum. 
 1 H NMR (300 MHz, DMSO– d 6 ,  δ ): 7.5 (s, 1H, CH), 7.2–7.05 
(m, 10H, Ar H), 6.3 (m, 2H, CH), 4.3 (s, 2H, CH 2 ), 3.95 (t, 1H, 
CH), 3.65–3.15 (br, PEO-backbone). 
 SEC:  M n  = 15 200 g mol  − 1 ,  M w  = 16 100 g mol  − 1 , PDI  = 1.06; 
MALDI–ToF MS:  M p  = 16 000 g mol  − 1 
 PEO 330 - b -PFGE 20 was synthesized according the same proce-
dure with regard to stoichiometry. 
 SEC:  M n  = 17 600 g mol  − 1 ,  M w  = 18 100 g mol  − 1 , PDI  = 1.04; 
MALDI–ToF MS:  M p  = 17 000 g mol  − 1 
 3. Results and Discussion 
 We have recently prepared well-deﬁ ned PFGE homo- and 
PEO- b -PFGE block copolymers via living anionic ring-opening 
polymerization (AROP). [ 31 ] Herein, PEO- b -PFGE materials will 
be used for temperature-mediated self-healing of ﬁ lms after 
the controlled application of scratches. For this purpose two 
PEO- b -PFGE block copolymers, PEO 330 - b -PFGE 10 and PEO 330 -
 b -PFGE 20 , were synthesized by sequential AROP and, for com-
parison, a PFGE 55 homopolymer ( Figure  1 and  Table  1 ). Both 
PEO- b -PFGE block copolymers were prepared starting from a 
monohydroxy-PEO precursor by activation with diphenylmethyl 
potassium (DPMK), followed by the addition of FGE. [ 31 ] 
 3.1. Structural and Thermal Characterization of PFGE 55 
and PEO 330 - b -PFGE X Films 
 Both PFGE and PEO- b -PFGE block copolymers were investi-
gated using differential scanning calorimetry (DSC,  Figure  2 ). 
 E i was calculated using the elastic modulus and Poisson’s ratio 
of the diamond indenter, 1140 GPa and 0.07, respectively, and 
a Poisson's ratio of 0.4 for the polymeric material, according to
 
Ei,sample =
1 − v2sample
1
Er,sample
−
1−v2
indenter
Eindenter  (1) 
 The hardness is deﬁ ned as:
 
H =
Pmax
A  (2) 
 Small and Wide Angle X-Ray Scattering : SWAXS measure-
ments on dried samples of PFGE 55 and PEO 330 - b -PFGE 20 were 
performed on a Bruker AXS Nanostar (Bruker, Karlsruhe, 
Germany), equipped with a microfocus X-ray source 
(Incoatec I μ SCu E025, Incoatec, Geesthacht, Germany), oper-
ating at  λ  = 1.54 Å. A pinhole setup with 750  μ m, 400  μ m, 
and 1000  μ m (in the order from source to sample) was used 
and the sample-to-detector distance was 107 cm (SAXS) and 
12 cm (WAXS). Samples were mounted on a metal rack and 
ﬁ xed using tape. The scattering patterns were corrected for 
the beam stop and the background (Scotch tape) prior to 
evaluations. 
 Transmission Electron Microscopy : performed using a TEM 
(Zeiss-CEM 902A, Oberkochen, Germany) operating at 
80 kV. Images were recorded using a 1 k TVIPS FastScan CCD 
camera. The TEM samples were prepared by applying a drop of 
the sample solutions onto the surface of a carbon coated copper 
grid (Quantifoil Micro-Tools GmbH, Jena, Germany). 
 2.2. Materials 
 Ethylene oxide (EO) was purchased from Linde and Aldrich. 
Furfuryl glycidyl ether (FGE),  t -BuOK, tetrahydrofuran (THF), 
 n -hexane and toluene were purchased from Aldrich. Tol-
uene and THF were used from a solvent puriﬁ cation system 
(PureSolv, Innovative Technology) and distilled over sodium/
benzophenone. Ethylene oxide was distilled over sodium. Fur-
furyl glycidyl ether was puriﬁ ed by column chromatography 
(eluent: ethylacetate/ n -hexane 5/1) and vacuum drying before 
usage. Diphenylmethyl potassium (DPMK) was synthesized 
as reported previously. [ 51 ] The PEO precursor was prepared via 
living anionic ring-opening polymerization of ethylene oxide 
with DPMK in THF in a BüchiGlasUster PicoClave and dried 
by azeotropic distillation under vacuum from dry toluene.  t -
BuOK was used as received. 
Polymerization of FGE : 4 mL of freshly distilled THF were 
transferred into a Schlenk ﬂ ask and 5.61 mg potassium 
 t -butanolate (0.05 mmol) were added. Subsequently, 0.45 mL 
furfuryl glycidyl ether (FGE, 3.24 mmol, ratio of M:I was 65:1, 
 M n, theo  = 10 000 g mol  − 1 ) was introduced and the reaction was 
allowed to stir for 24 h at 45  ° C. The reaction was terminated 
by adding 0.5 mL methanol and the product was washed with 
 n -hexane and dried under vacuum. 
 1 H NMR (300 MHz, CDCl 3 – d 6 ,  δ ): 7.27 (d, 1H, CH), 6.24–
6.17 (m, 2H, CH), 4.35 (s, 2H, CH 2 ), 3.55–3.29 (br, 5H, back-
bone), 1.18 (s, 9H,  t -Bu CH 3 ). 
 Figure  1 .  Schematic representation of the materials used in this study: 
PFGE and PEO- b -PFGE block copolymers. 
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In addition, material degradation during the heating cycles, 
as well as the healing experiments discussed later, can be 
excluded, as thermogravimetric analysis (TGA) demonstrated 
thermal stability of the materials up to approximately 170  ° C 
under air and 335  ° C under nitrogen atmosphere (Supporting 
Information Figure S4). 
 As can be seen, the homopolymer PFGE 55 exhibits a  T g at 
approximately –40  ° C (Figure  2 a). PEO 330 - b -PFGE 20 shows a 
strong melting peak at  T m  = 59  ° C, which can be attributed to 
the PEO segments (Figure  2 b). The inset in Figure  2 b shows 
the regime below 0  ° C at higher resolution and reveals two 
separated glass transition temperatures at –79 and –40  ° C, 
respectively. The ﬁ rst value can be assigned to PEO [ 52 ] whereas 
 − 40  ° C reﬂ ects the PFGE segments. Both separate glass tran-
sition temperatures were also observed in case of PEO 330 - b -
PFGE 10 (data not shown here). The presence of two separated 
 T g ’s hints towards phase separation, although the overall molar 
mass of both PEO 330 - b -PFGE X block copolymers is rather low. 
To conﬁ rm this assumption, additional SAXS experiments 
were performed on ﬁ lms which were annealed at 70  ° C for 
30 min and afterwards cooled to room temperature (Figure  2 c). 
 Reﬂ ections could be observed for PEO 330 -b-PFGE 20 at 0.46 ° , 
0.92 ° , and 1.36 ° , corresponding to the [100]:[200]:[300] posi-
tions of a potential lamellar pattern, and the most intense [100] 
signal corresponds to a domain size of  d lam  = 19  ± 2 nm. The 
formation of lamellae is rather surprising, as the volume frac-
tion of PFGE in PEO 330 - b -PFGE 20 is of about 17.5 wt%, rather 
hinting towards the formation of cylindrical domains. To probe 
the surface properties of the investigated ﬁ lms, water contact 
angle measurements were performed on PEO 330 , PFGE 55 , 
and PEO 330 - b -PFGE 20 surfaces (Figure  2 d). As expected, 
PEO 330 shows a contact angle of 34.5 ° , which is character-
istic for a hydrophilic surface, whereas this increases to 83.6 ° 
for PFGE 55 . In case of PEO 330 - b -PFGE 20 , a value of 64.5 ° was 
obtained, showing surface characteristics in between the two 
corresponding homopolymers. At this point, we assume the 
 Figure  2 .  DSC thermograms of a) PFGE and b) PEO 330 - b -PFGE 20. c) Zoom-in for PEO 330 - b -PFGE 20 . SAXS measurements of PEO 330 - b -PFGE 20 and sche-
matic representation of the proposed block copolymer bulk morphology. d) Contact angle measurements for PEO 330 , PFGE 55 and PEO 330 - b -PFGE 20 . 
 Table  1.  Characterization data of the used homo- and block copolymers. 
Sample  M n,theo [g mol 
 − 1 ]  M n,SEC [g mol 
 − 1 ] b)  M p,MALDI [g mol 
 − 1 ] PDI b) 
PFGE 55 10 000 2900 8400 1.07
PEO 330 
a) 14 000 14 800 14 500 1.05
PEO 330 - b -PFGE 10 
c) 16 000 15 200 16 000 1.06
PEO 330 - b -PFGE 20 
c) 17 600 17 400 17 000 1.04
 a) Precursor;  b) Obtained by SEC (CHCl 3 :TEA:i-Prop. 94:4:2, using PEO standards); 
 c) Subscripts denote the degrees of polymerization of the corresponding block 
determined by  1 H NMR spectroscopy. The corresponding SEC traces, NMR 
spectra and MALDI-ToF MS pattern can be found in the Supporting Information, 
Figures S1–S3. 
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stoichiometric amount of the crosslinker, 1,1-diphenylme-
thyl bismaleimide (BMA), were dissolved in 0.2 mL dichlo-
romethane (DCM). The solution was applied to a glass slide 
using a syringe and the solvent was allowed to evaporate. 
 Due to the presence of BMA, slightly yellow ﬁ lms (depending 
on the amount of crosslinker) were obtained. In case of the 
PFGE homopolymer, the amount of BMA was reduced to 0.8 
equivalents, otherwise demixing and crystallization of the 
crosslinker was observed. For crosslinking, the polymer ﬁ lms 
were heated to 65  ° C in an oven ( Figure  4 a). To ensure full 
crosslinking, the samples were kept at this temperature for 
14 h. Subsequent network formation via crosslinking of the 
furan groups led to a signiﬁ cant change in the material proper-
ties, accompanied by a color change in case of the block copol-
ymer ﬁ lms from slightly yellow to red. This was not the case 
for ﬁ lms from PFGE 55 . We tentatively propose an aggregation 
of the crosslinker within the PEO domains, possibly due to the 
formation of  π -complexes. This color change can also be moni-
tored by time-dependent UV–Vis spectroscopy at 50  ° C in solu-
tion (Supporting Information, Figure S6). However, the color 
change also depends on the temperature or the time during 
sample preparation. A detailed study of this phenomenon is, 
however, beyond the scope of this work. In all cases an increase 
of the ﬁ lm hardness was observed during crosslinking using 
depth sensing indentation measurements (Figure  4 ). We have 
to point out that ﬁ lms of PEO 330 - b -PFGE 10 visibly melted at 
59  ° C even after crosslinking. As melting of crosslinked PEO 330 -
 b -PFGE x ﬁ lms during the heating cycles would lead to ﬁ lm 
deformations, we focused on PFGE 55 and PEO 330 - b -PFGE 20 for 
further studies. 
 First, the mechanical properties of PFGE-based ﬁ lms prior 
to and after crosslinking with BMA were investigated. As 
pristine ﬁ lms from PFGE 55 were liquid (highly viscous) at 
room-temperature, no indentation measurements were pos-
sible. PEO 330 - b -PFGE 20 shows a hardness ( H , deﬁ ned as load/
indentation area) of 0.038 GPa and a stiffness ( E i , Young mod-
ulus) of 0.46 GPa. All  H values provided refer to a displace-
ment of 150 nm. The  E i values represent average values of the 
obtained data in the linear range. After crosslinking, PFGE 55 
shows a hardness of 0.6 GPa and a stiffness of  E i  = 5.13 GPa 
(Figure  4 b,d), the values being slightly higher as reported 
for “hard” polymers, like poly(methyl methacrylate) (PMMA, 
0.32 GPa, 4.8 GPa) as well as polystyrene (PS, 0.34 GPa, 
formation of a lamellar bulk morphology in the case of PEO 330 -
 b -PFGE 20 . For PEO 330 - b -PFGE 10 , the obtained SAXS pattern 
(Supporting Information Figure S5a) was different, and the 
volume fraction of approximately 10% for PFGE hints towards 
the formation of PFGE spheres within a PEO matrix. This was 
conﬁ rmed by sonication-assisted dissolution of a crosslinked 
PEO 330 - b -PFGE 10 block copolymer ﬁ lm in DMF, resulting 
in micellar structures with a crosslinked PFGE core of about 
10 nm in diameter and a PEO corona, as observed via TEM 
measurements (Supporting Information, Figure S5b). Unfortu-
nately, we were not able to distinguish between both domains 
in case of PEO 330 - b -PFGE 20 block copolymers via atomic force 
microscopy (AFM) or TEM. In the latter case, thin samples 
( ≈ 80 nm) were prepared from a crosslinked block copolymer 
ﬁ lm using a microtome. We observed rather rapid electron 
beam damage and the formation of sheet-like fragments. Even 
staining with OsO 4 (addressing any remaining double bonds in 
the PFGE domains) did not result in an improved phase con-
trast. As a consequence, the assumption of lamellar structures 
within ﬁ lms from PEO 330 - b -PFGE 20 relies on the SAXS data, as 
well as contact angle measurements and the DSC results. 
 To exclude that the SAXS pattern in Figure  2 c is merely 
caused by crystalline PEO domains, small (SAXS) and wide 
angle X-ray (WAXS) measurements at different temperatures 
were carried out ( Figure  3 ). As it is clearly shown, the most 
intense reﬂ ection in SAXS at 0.46 ° is still present even above 
the melting point of PEO and after 16 h at 70  ° C (Figure  3 a). The 
fact that here only the [100] reﬂ ection is visible can be ascribed 
to shorter measurement times ( ≈ 30 min if compared to 4 h in 
Figure  2 c), resulting in a decreasing signal-to-noise ratio. If this 
is combined with WAXS measurements of the same sample 
under comparable conditions (Figure  3 b), very intense reﬂ ec-
tions at 18.6 ° and 22.8 ° (among other less intense signals) can 
be assigned to semicrystalline PEO domains. [ 53 ] Upon heating, 
these disappear at about 64  ° C (inset in Figure  3 b) and a broad 
amorphous halo can be observed. 
 3.2. Reversible Crosslinking of PFGE-Based Materials 
 For self-healing studies, ﬁ lms were prepared from PFGE 55 , 
PEO 330 - b -PFGE 10 and PEO 330 - b -PFGE 20 via drop-casting onto 
polished glass slides. Typically, 20 mg of the polymer and a 
 Figure  3 .  a) Small and b) wide angle X-ray patterns for PEO 330 - b -PFGE 20 at different temperatures; the inset in (b) shows the enlarged region containing 
the reﬂ exes for semicrystalline PEO. 
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4.8 GPa). [ 54 ] This can be explained by a rather high degree of 
crosslinking, as each monomer unit carries a furan group in 
the side chain. For PEO 330 - b -PFGE 20 , signiﬁ cantly lower values 
of  H  = 0.071 GPa and  E i  = 0.91 GPa compared to PFGE 55 , but 
increased by a factor of two compared to the non-crosslinked 
state were obtained (Figure  4 c,e). This can be rationalized by 
the presence of only 17 wt% PFGE and, hence, a lower overall 
degree of crosslinking. 
 According to the load displacement results, the block 
copoly mer ﬁ lms showed visco-elastic behavior (Supporting 
Information, Figure S7), which is one prerequisite/driving 
force for a self-healing process. The PEO segments seemed 
to act as a softening material, whereas an increasing hard-
ness at higher displacements was observed as well. The 
increase of both hardness and stiffness can be attributed to the 
crosslinking of PFGE 55 and PEO 330 - b -PFGE 20 and, therefore, 
the rDA reaction is expected to invert this process. The ﬁ lms 
were therefore heated to 155  ° C for 3 h and subjected to addi-
tional depth-sensing-indentation measurements at RT. At this 
point, a color change of the diblock copolymer ﬁ lm from red 
to brown was observed. Nevertheless, the block copolymer was 
shown to withstand these conditions. [ 31 ] 
 As expected, the E i -modulus decreased to 1.76 GPa after the 
treatment at 155  ° C, and the hardness was reduced to 0.26 GPa 
for PFGE 55 (Figure  4 b,d). Subsequent re-crosslinking by heating 
to 65  ° C for 14 h led to an increase to 4.51 GPa (E-modulus) 
and 0.45 GPa (hardness), although the values are slightly lower 
than after the ﬁ rst crosslinking procedure. We attribute this 
to an incomplete DA reaction. For the PEO 330 - b -PFGE 20 block 
copolymer ﬁ lm, no signiﬁ cant changes after the rDA reaction 
were observed, which can be attributed to the rather low weight 
fraction of the PFGE segment. 
 Figure  4 .  a) Schematic representation of the crosslinking of PFGE with a bifunctional maleimide BMA crosslinker. Depth-sensing indentation measure-
ments for b,d) PFGE 55 and c,e) PEO 330 - b -PFGE 20 ﬁ lms before and after crosslinking. 
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low content of crosslinked furan rings. Heating of a crosslinked 
PEO 330 - b -PFGE 20 does not reveal any signal during the ﬁ rst 
heating run (Figure  5 b). However, after heating above the rDA 
temperature, subsequent cooling, and repeated heating a slight 
melting peak at 50  ° C can be detected, which we ascribe to par-
tial crystallization of the PEO domains. 
 As the rDA is the key for a successful reversible network for-
mation, we studied a crosslinked PFGE 55 ﬁ lm in more detail 
by DSC measurements ( Figure  5 ). As shown in Figure  5 a for 
PFGE 55 , the rDA reaction occurs within a temperature range 
of 135 to 160  ° C. We attribute the fact that this is not visible for 
PEO 330 - b -PFGE 20 to the limited sensitivity of the DSC and the 
 Figure  5 .  a) DSC measurements of a crosslinked PFGE 55 ﬁ lm with a heating rate of 20 K min 
 − 1 for the ﬁ rst run and 10 K min  − 1 for the second run. 
b) Multiple measurements of a crosslinked PEO 330 - b -PFGE 20 block copolymer ﬁ lm. 
 Figure  6 .  Proﬁ lometry measurements of PEO 330 - b -PFGE 20 block copolymer ﬁ lms after a) crosslinking, b) scratching with a spatula, and c) the healing 
process at 155  ° C. 
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 3.3. Self-Healing Properties of PEO 330 - b -PFGE 20 
 In order to introduce controlled surface defects, the respective 
ﬁ lms were treated with a spatula, resulting in scratches of var-
ying depth, length and width. At this point, it can be noticed 
that such ﬁ lms from PFGE 55 were very brittle and scratching 
led to ﬁ lm breakage. Therefore, it was concluded that “pure” 
ﬁ lms from PFGE 55 are not suitable, at least as thin ﬁ lms, and 
we focused on PEO 330 - b -PFGE 20 ﬁ lms, which were stable upon 
scratching. 
 Films containing PEO 330 - b -PFGE 20 and the BMA crosslinker 
(molar ratio was 1:1) were prepared and crosslinked at 65  ° C for 
14 h. In the literature, values between 50 and 70  ° C were deter-
mined for this procedure by DSC. [ 28 , 29 , 55 , 56 ] After crosslinking, 
the ﬁ lm surface was analyzed using an optical proﬁ lometer 
( Figure  6 ) and subsequently scratched with a spatula. As it can 
be seen, deﬁ ned scratches (Scratch 1: 7  μ m depth, 0.45 mm 
width, length 8 mm; Scratch 2: 0.9  μ m depth, 0.1 mm width, 
length of 3.5 mm) were created (Figure  6 b, the dashed lines 
are a guide to the eye as the instrument is not able to resolve 
the steep walls of this particular scratch). Afterwards, the block 
copolymer ﬁ lm was heated for 3 h at 155  ° C, allowed to cool 
down slowly to 65  ° C, and re-crosslinked for 14 h at 65  ° C. 
 After the rDA reaction at 155  ° C and subsequent crosslinking 
at 65  ° C, proﬁ lometry revealed that Scratch 2 disappeared com-
pletely and Scratch 1 decreased to 1.2  μ m depth and 0.2 mm 
width. Repetition of the heating process and increasing of the 
heating time did not lead to a further reduction of the scratch 
size. During all steps of this process, the overall thickness of 
the PEO 330 - b -PFGE 20 ﬁ lm was monitored and shown to be con-
stant (height  ≈ 54  μ m) (Supporting Information, Figure S8). 
Furthermore, defects within the block copolymer ﬁ lm remained 
unchanged, which would not be the case if the sample would 
undergo melting. 
 To ensure that the rDA reaction, followed by crosslinking at 
65  ° C, is responsible for the healing process, a ﬁ lm ( Figure  7 a) 
with deﬁ ned scratches was heated for 4 h at 65  ° C (over the 
melting temperature of the pristine block copolymer) and the 
surface was investigated by proﬁ lometry (Figure  7 b). At this 
temperature, no changes were observed whereas subsequent 
heating to 100  ° C for additional 4 h led to slight changes of the 
ﬁ lm surface (Figure  7 c). In case of small scratches (max. depth 
1  μ m, Figure  7 a,2), the depth was reduced by approximately 
0.5  μ m whereas deeper scratches (depth  ≈ 6  μ m or higher 
Figure  7 a,1) remained unchanged. At this point we assume that 
heating to 100  ° C leads to an increase of the chain mobility and 
possibly to the rDA reaction of small parts of the crosslinked 
units, which can be regarded as a kind of “pre-healing” pro-
cess. Only if the ﬁ lm was heated to 155  ° C for 3 h (Figure  7 d), 
signiﬁ cant changes were observed (complete disappearance of 
smaller scratches as well as the decrease in length and width 
of larger defects). The fact that rather small gashes can already 
be repaired at lower temperatures has also been observed for 
networks from hyperbranched ﬂ uorinated polyethers created 
via DA chemistry. [ 57 ] Tentatively, the following mechanism is 
proposed to be responsible for the self-healing process: the 
incorporation of BMA and subsequent crosslinking leads to 
increasing hardness and decreasing chain mobility. At this 
point, the block copolymer ﬁ lm is damaged by mechanical 
force. Heating to 155  ° C induces a rDA reaction and a partial 
decrosslinking of the network, accompanied by an increase 
in chain mobility leading to a kind of a reﬂ ow and, therefore, 
closure of the crack. The crosslinks are then partially reformed 
upon cooling. 
 We were also interested in the maximum number of possible 
self-healing cycles. For this purpose, a PEO 330 - b -PFGE 20 block 
copolymer ﬁ lm was subjected to several cycles of crosslinking-
scratching-rDA-crosslinking ( Figure  8 ). 
 Figure  7 .  Proﬁ lometry measurements of a) a crosslinked PEO 330 - b -PFGE 20 ﬁ lm, b) after heating for 4 h at 65  ° C, c) subsequent heating for 4 h at 100  ° C, 
and d) heating for 3 h at 155  ° C. 
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block copolymer ﬁ lms regarding larger surface defects seems to 
decrease with increasing cycle number. To demonstrate this, a 
scratch with a depth (3.8 to 1.3  μ m) and width (3.4 to 1.7 mm) 
gradient was applied to a ﬁ lm after 4 healing cycles ( Figure  9 a). 
After heating to 155  ° C for 3 h and subsequent crosslinking, 
the scratch depth decreased to 0.66  μ m on the left side of the 
sample (Figure  9 b). Also the width was reduced to 1.2 mm, 
whereas the thinner parts of the scratch completely disap-
peared. If compared to block copolymer ﬁ lms during the ﬁ rst 
healing cycles, where the depth of scratches could be reduced 
by up to 6–7  μ m, this decreased after 5 healing cycles to approx. 
2 to 3  μ m. 
 Our explanation for this phenomenon is that with 
increasing number of heating cycles the amount of thermo-
dynamically stable exo-product during the Diels-Alder reaction 
increases, which lead to a shift of the rDA process to higher 
temperatures. [ 58 , 59 ] As severe broadening of the signals in 
 1 H NMR spectroscopy hints towards (at least partial) mate-
rial degradation when ﬁ lms were heated above 170  ° C in air, 
a complete cleavage of the DA adducts is not possible under 
these conditions. As this currently limits the process, the ﬁ lms 
were heated under an inert atmosphere in a glovebox as an 
alternative. After 30 min at temperatures of 175 to 215  ° C, a 
color change from brownish to dark brown was visible. Never-
theless, the network structure still seemed to be intact as the 
PEO 330 - b -PFGE 20 ﬁ lm remained insoluble in different organic 
solvents (e.g., THF, DMF). To identify the origin of the color 
change, we heated pure PEO 330 , PFGE 55 (pristine as well as 
crosslinked) and the BMA crosslinker was heated to 215  ° C. 
 Figure  8 .  Repeated scratch healing of a PEO 330 - b -PFGE 20 block copoly mer 
ﬁ lm: 1 st cycle a) after scratching; b) after healing, c,d) 2 nd cycle, and 
e,f) 4 th cycle. 
 Figure  9 .  5 th scratch healing cycle of a PEO 330 - b -PFGE 20 block copolymer 
ﬁ lm comprising a scratch with a gradient depth and width before (a) and 
after self-healing (b). 
 In the ﬁ rst cycle, a scratch of 0.13 mm width, 0.82  μ m depth 
and 4.4 mm length was inﬂ icted (Figure  8 a), and heating to 
155  ° C for 3 h, followed by subsequent crosslinking for 14 h 
at 65  ° C lead to a disappearance of the scratch (Figure  8 b). This 
procedure was repeated 4 times, and the 2 nd healing cycle (a 
scratch of 0.14 mm, 0.42  μ m depth and 5.4 mm length) is 
shown in Figure  8 c before and Figure  8 d afterwards. Already 
here, it can be noticed that the ﬁ lm surface increases in rough-
ness, particularly visible in the surface proﬁ le in Figure  8 d. 
Nevertheless, in the fourth healing cycle, a 0.13 mm wide, 
0.68  μ m deep and 5.2 mm long scratch (Figure  8 e) can be still 
removed (Figure  8 f). Whereas this can be applied to rather 
small scratches, the efﬁ ciency of the healing process for the 
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these rather harsh conditions the surface roughness increased 
rapidly. This might be explained by a fast cooling of the sample 
and partial breakage of the ﬁ lm due to mechanical stress. Even 
after this heat treatment, the block copolymer ﬁ lms exhibited 
self-healing abilities (a scratch of 2.9  μ m depth decreased to 
0.3  μ m). 
Both PEO 330 and BMA melted, whereas both PFGE samples 
revealed a rapid color change to dark brown, presumably due 
to the thermal instability of the furan moieties. [ 60 ] According to 
SEC measurements, no degradation occurred for PFGE 55 as a 
comparable elution trace was observed afterwards (Supporting 
Information, Figure S9). Nevertheless, we found that under 
 Figure  10 .  Self-healing process of a multi-scratch pattern (a) before, and b) after) as well as a complex pattern within a crosslinked PEO 330 - b -PFGE 20 
block copolymer ﬁ lm (c) before, and d) after heating to 155  ° C). 
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is rather toxic. In addition, the efﬁ ciency of the rDA process 
decreases with increasing cycle number, presumably due to the 
formation of the exo-product during the DA reaction. Neverthe-
less, our approach addresses one of the inherent problems in 
self-healing materials: the combination of smooth and dynamic 
segments with the capability of strong and reversible network 
formation via, here, Diels-Alder chemistry. 
 It will be the subject of further studies to purposefully vary 
the weight fraction of PFGE to access different bulk morpholo-
gies for such block copolymers as well as to identify superior 
crosslinking agents. Also, the use of PFGE- b -PEO- b -PFGE tri-
block copolymers might be advantageous. 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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 3.4. Multiple Scratches and Complex Scratch Patterns 
 We also applied complex scratch patterns to crosslinked 
PEO 330 - b -PFGE 20 block copolymer ﬁ lms ( Figure  10 ). As shown 
in Figure  10 b, small scratches with, e.g., a depth of 1.2  μ m and 
a width of 0.16 mm disappeared completely, whereas deeper 
scratches with a depth of 6.2 or 9.8  μ m and widths of 0.45 and 
0.5 mm only decreased in size. The depths could be reduced to 
0.8 and 3.8  μ m, respectively, as well as the scratch width to 0.23 
and 0.3 mm. 
Figure  10 c depicts a rather challenging scratch pattern, two 
“Santa's houses” with depths of approximately 1.8 to 6.8  μ m 
and 4.2 to 16  μ m. As shown in Figure  10 d, the left (less deep) 
pattern vanished nearly completely. Only in case of the deeper 
scratch (6.5  μ m), the depth was reduced to 1.8  μ m, whereas the 
right-hand pattern comprising deeper scratches (12 to 16  μ m) 
can still be seen afterwards (remaining scratches with 7.1 and 
8.7  μ m depth). 
 Finally, the comparison of the healing efﬁ ciency of the 
system presented here with literature examples was targeted. 
As shown before, it is possible to heal scratches of up to 6  μ m 
depth and 1.7 mm width at elevated temperatures and on 
a time scale of 17 h (3 h at 155  ° C and 14 h at 65  ° C). One 
of the next targets for future studies is to reduce the required 
annealing times. For the initial investigation of the system the 
focus was placed on the complete crosslinking of the polymer 
ﬁ lms. However, self-healing approaches exploiting Diels-Alder 
chemistry will be necessarily limited to this temperature range 
in order to induce network formation or cleavage. This has 
also been demonstrated for comparable systems using this 
approach. [ 29 , 35 ] Self-healing processes based on  π – π interac-
tions have been shown to operate at 90  ° C and were able to 
cure scratches of up to 75  μ m width within minutes. [ 20 ] In the 
case of systems based on hydrogen bonding it could be shown 
that previously cut pieces reconnect by simple surface contact 
at ambient temperatures, but this ability decreased the longer 
the pieces were kept separate (which we did not observed in the 
current example). [ 15 , 61 ] Comparable materials based on revers-
ible metal-ligand-interactions were also healed at elevated tem-
peratures ( > 100  ° C) and the BMA crosslinker to 215  ° C. [ 17 , 18 , 62 ] 
 4. Conclusion 
 We demonstrate one of the ﬁ rst examples for self-healing 
materials based on block copolymers. Films from PEO 330 - b -
PFGE 20 diblock copolymers were shown to exhibit a smooth 
surface and a lamellar bulk morphology with a domain size 
of approximately 19 nm. The materials are capable of under-
going reversible (up to ﬁ ve times shown here) crosslinking/
de-crosslinking and, hence, healing of inﬂ icted damage at ele-
vated temperatures. Comparison with PFGE 55 homopolymers 
via depth-sensing indentation revealed that this is accompa-
nied by changes in hardness of the PFGE minority fraction. 
The results clearly show that PEO- b -PFGE block copolymers 
are promising candidates for self-healing surfaces (possible 
healing of scratches of up to 6  μ m depth and 1.7 mm width), 
although still rather long cycles (up to 17 h) and high tempera-
tures (155  ° C) are required, and the employed BMA crosslinker 
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 1. Introduction 
 During the last decades, well-deﬁ ned block copolymers 
revealed high potential for a broad range of applica-
tions, mainly driven by the possibility to combine 
different properties within one single material and to 
introduce the ability to undergo self-assembly into nano-
structured materials in various environments. [ 1–5 ] The 
preparation of block copolymers is usually achieved by 
sequential polymerization of different monomers or via 
post-polymerization modiﬁ cation using suitable macro-
molecular conjugation reactions [e.g., 1,3-dipolar cycload-
ditions or (hetero) Diels–Alder (DA) reactions]. [ 6–10 ] Thereby, 
the precise positioning of functional groups within 
polymer chains is crucial for the synthesis of linear block 
copolymers or materials of different architectures, e.g., star-
shaped structures. [ 11–13 ] Although more and more examples 
are found where polymeric building blocks are functional-
ized at one or both chain ends, examples for addressing the 
mid-chain junction point, i.e., the covalent linkage of blocks 
A and B of diblock copolymers, are scarce. [ 14–17 ] Such func-
tional mid-chain junctions can be introduced by functional 
initiators [ 18–20 ] or end-capping of an active polymer chain 
and the subsequent polymerization of the second block. [ 21 ] 
The resulting functionalized polymers were used in surface 
coatings (e.g., on glass) [ 22 ] as well as for the preparation 
 Furfuryl glycidyl ether (FGE) represents a highly versatile monomer for the preparation of 
reversibly cross-linkable nanostructured materials via Diels–Alder reactions. Here, the use of 
FGE for the mid-chain functionalization of a P2VP- b- PEO diblock copolymer is reported. The 
material features one furan moiety at the block junction, 
P2VP 68 -FGE- b -PEO 390 , which can be subsequently addressed 
in Diels–Alder reactions using maleimide-functionalized 
counterparts. The presence of the FGE moiety enables the 
introduction of dyes as model labels or the formation of het-
ero-grafted brushes as shell on hybrid Au@Polymer nanopar-
ticles. This renders P2VP 68 -FGE- b -PEO 390 , a powerful tool for 
selective functionalization reactions, including the modiﬁ ca-
tion of surfaces. 
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of different architectures (e.g., H-shaped polymers [ 23 ] and 
miktoarm stars). [ 14 ] Current examples most commonly 
feature a new initiating group or a clickable moiety. In 
that respect, epoxides can be used as straightforward and 
highly efﬁ cient end-capping agents during living anionic 
polymerization using lithium counter ions. Here, due to the 
strong coordination of lithium toward the alkoxide chain-
end, further polymerization of epoxides is prevented and 
the attachment of one single molecule can be realized. 
Potential functionalized epoxides such as allyl glycidyl 
ether (AGE) or ethoxy ethyl glycidyl ether (EEGE) are com-
mercially available and transform this substance class into 
an interesting tool for the selective mid-chain functionali-
zation of polymer chains. 
 Recently, furfuryl glycidyl ether (FGE) has been estab-
lished as a versatile and functional monomer for anionic 
ring-opening polymerization (AROP) and the subsequent 
use of the furan moiety for controlled and reversible 
crosslinking of micellar cores or individual domains within 
nanostructured ﬁ lms via the DA reaction using a bisma-
leimide. [ 24,25 ] In the latter case, the potential application 
of poly(ethylene oxide)- block -poly(furfuryl glycidyl ether) 
(PEO- b -PFGE) diblock copolymers as self-healing coatings 
was proposed. 
 Here, we use FGE as functional end-capping agent for 
the living anionic polymerization of poly(2-vinyl pyri-
dine) (P2VP), followed by the subsequent polymerization 
of ethylene oxide (EO) and the formation of mid-chain-
functionalized P2VP- b -PEO. After characterization via 
size-exclusion chromatography (SEC), nuclear magnetic 
resonance (NMR) spectroscopy, and MALDI-TOF MS, the 
furan moiety in between the two blocks was used for 
selective DA reactions with maleimide-functionalized 
model dyes and gold nanoparticles (AuNPs). 
 2. Results and Discussion 
 Mid-chain-functionalized block copolymers represent 
interesting materials when it comes to the modiﬁ ca-
tion of surfaces such as on planar substrates or on (nano)
particles. The introduction of a furan group at the junc-
tion point of diblock copolymers in turn is motivated by 
the broad accessibility of functional groups and archi-
tectures by the DA chemistry. Therefore, the synthesis of 
poly(2-vinyl pyridine)- block -poly(ethylene oxide) (P2VP-
FGE- b -PEO), featuring a FGE moiety in between the P2VP 
and the PEO segment, was carried out in two steps. First, 
2-vinylpyridine was polymerized after initiation via  sec -
butyl lithium ( sec -BuLi). After full conversion, 1,1-dipheny-
lethylene was added to the reaction mixture to decrease 
the nucleophilicity of the active chain end, [ 16 ] and the 
living P2VP chains were end-capped with FGE (Figure  1 A). 
Afterward, the reaction was quenched by the addition of 
methanol and the crude product was precipitated into 
cold hexane. P2VP-FGE-OH was characterized via SEC,  1 H 
NMR, and MALDI-TOF MS (Figure  1 ; Table S1 and Figure 
S2, Supporting Information). The degree of polymerization 
(DP) was determined to be 68, resulting in P2VP 68 -FGE-OH. 
The end-group ﬁ delity was assessed via MALDI-TOF MS 
and NMR and was found to be 100% within the error of 
the measurement. MALDI-TOF MS also revealed the pres-
ence of the lithium counterion (Figure S2, Supporting 
Information), which however had to be removed prior to 
the polymerization of ethylene oxide. For this purpose, the 
material was intensively washed with water and precipi-
tated into cold hexane several times (Figure S3, Supporting 
Information). As second step, P2VP 68 -FGE-OH was dis-
solved in THF and the hydroxyl end-group was activated 
by the addition of an excess of diphenylmethyl potas-
sium (DPMK), until a deep red color could be observed 
(Figure  1 A). Under vigorous stirring, ethylene oxide was 
added to the reaction at –20 °C, the reaction mixture 
was slowly heated to 40 °C, and the polymerization was 
terminated via the addition of methanol after 24 h, fol-
lowed by precipitation of the block copolymer into cold 
diethyl ether. The obtained material was again investi-
gated via SEC,  1 H NMR, and MALDI-TOF MS (Figure S4, 
Supporting Information). The SEC trace shows a clear shift 
to lower elution volume in comparison to P2VP 68 -FGE-OH 
(Figure  1 B; Table S1, Supporting Information), and a new 
peak around 3.6 ppm for the PEO backbone appears in 
the  1 H NMR spectrum. The exact molar mass of the block 
copolymer was determined by MALDI-TOF MS, leading to 
24 500 g mol −1 , and a composition of P2VP 68 -FGE-PEO 390 
(Figure S4, Supporting Information), which was also con-
ﬁ rmed via  1 H NMR spectroscopy. 
 As a ﬁ rst proof of successful functionalization, P2VP 68 -
FGE- b -PEO 390 was used in DA reactions with two different 
maleimide-functionalized dyes [ N -(1-pyrenyl)maleimide 
and 4-phenylazomaleinanil]. Therefore, the block copol-
ymer and the respective dye (20 equiv.) were dissolved 
in 2 mL DMF separately in two vials and heated to 
75 °C for 24 h. Afterward, the dye-functionalized materials 
were puriﬁ ed via size exclusion column chromatography 
(BioBeads SX1) to remove any excess of the dyes. In both 
cases, successful functionalization with the azobenzene-, 
P2VP 68 -azo- b -PEO 390 , and the pyrene-moiety, P2VP 68 -pyr-
 b -PEO 390 , was proven by UV–vis measurements (Figure 
 2 B,C). The UV–vis spectra display that the initial P2VP 68 -
FGE- b -PEO 390 shows no characteristic absorption band 
(triangles), whereas the characteristic patterns of the 
individual molecules [spheres, 331 nm for 4-phenyla-
zomaleinanil and 313, 326, and 342 nm for  N -(1-pyrenyl)
maleimide] can be found for the block copolymers after 
successful functionalization (squares). 
 Pyrene is known as a hydrophobic, ﬂ uorescent 
dye suitable for the determination of the critical 
Macromol. Rapid Commun. 2014,  35,  916−921
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micellization concentration (cmc) of amphiphilic block 
copolymers. [ 26–29 ] In case of  N -(1-pyrenyl)maleimide, no 
ﬂ uorescence is described in the literature for the pristine 
dye in water, only after nucleophilic attack by thiols. [ 30 ] 
This can also be observed for our system after function-
alization with  N -(1-pyrenyl)maleimide and this was 
investigated via ﬂ uorescence microscopy (excitation 
wavelength = 357 nm; emission ﬁ lter = 460 nm, Figure  3 ). 
Using this setup, no ﬂ uorescence could be detected 
for the pure dye in MilliQ water, whereas pyrene itself 
showed clear ﬂ uorescence under these conditions 
(Figure S6C, Supporting Information). Both P2VP 68 -pyr-
 b -PEO 390 and P2VP 68 -FGE- b -PEO 390 were transferred from 
THF into MilliQ water (pH7) by evaporation of the organic 
solvent (concentration was 5 mg mL −1 in both cases). In 
Figure  3 , the circle originates from the ﬂ uorescence of 
the well-plate itself, while in the center the sample solu-
tion is located. As P2VP is known to exhibit a weak auto-
ﬂ uorescence, [ 31 ] some ﬂ uorescence was also observed 
for P2VP 68 -FGE- b -PEO 390 , whereas P2VP 68 -pyr- b -PEO 390 
shows a twofold increase in ﬂ uorescence in comparison 
to the pristine block copolymer (Figure  3 ; Figures S6 and 
S7, Supporting Information). This strong increase in ﬂ uo-
rescence can be explained by electronic changes after the 
covalent attachment to the block copolymer chain by DA 
chemistry. 
 We were also interested in using P2VP 68 -FGE-
 b -PEO 390 for the functionalization of AuNPs. In that 
way, a hetero-brush could be generated in analogy 
to poly(styrene)- block -poly(ethylene oxide) (PS-
 b -PEO) brushes on planar surfaces. [ 22 ] Therefore, a 
maleimide-functionalized tri-thioacetate was syn-
thesized (Figure S1, Supporting Information) and 
used for the synthesis of maleimide-functional-
ized AuNPs. [ 32–35 ] Possible excess of the maleimide-
linker was removed by centrifugation of the particles 
(60 min at 5000 rpm), followed by resuspension in 
DMF (three cycles). The protective group was removed 
by heating the functionalized NP for 1 h at 140 °C. 
Both size and shape of the NPs were conﬁ rmed via 
DLS, TEM, and UV–vis (Figure  4 ). Spherical AuNPs with 
a <R h > z,app of 8 nm were obtained according to DLS 
(Figure  4 D) and TEM (Figure  4 A). For the attachment of 
P2VP 68 -FGE- b -PEO 390 to the NP surface, AuNP and P2VP 68 -
FGE- b -PEO 390 were suspended together in DMF and 
heated for 2 d at 75 °C. After this treatment, the solution 
was centrifuged and washed with DMF to remove any 
unreacted P2VP 68 -FGE- b -PEO 390 . After resuspension, the 
particles (P2VP 68 -DA Au - b -PEO 390 ) were investigated using 
UV–vis spectroscopy and DLS, showing a slight red-shift 
in the UV–vis spectra from 527 to 538 nm (Figure  4 C) and 
an increase in hydrodynamic radius (<R h > z,app = 12 nm) 
Macromol. Rapid Commun. 2014,  35,  916−921
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 Figure 1.  A) Block copolymer synthesis via sequential polymerization of 2-vinylpyridine and ethylene oxide, B) comparison of SEC traces for 
P2VP 68 -FGE-OH (dashed gray line) and P2VP 68 -FGE- b -PEO 390 (black straight line), and C) the NMR spectra for P2VP 68 -FGE-OH (gray line) and 
P2VP 68 -FGE- b -PEO 390 (black line).
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 Figure 3.  Functionalization of P2VP 68 -FGE- b -PEO 390 ; comparison of ﬂ uorescence microscope images of  N -(1-pyrenyl)maleimide (left), P2VP 68 -
FGE- b -PEO 390 (5 mg mL 
−1 , middle), and P2VP 68 -pyr- b -PEO 390 (5 mg mL 
−1 , right) in water.
 Figure 2.  A) DA reaction between P2VP 68 -FGE- b -PEO 390 and maleimide-functionalized dyes; comparison of UV–vis spectra for B) P2VP 68 -FGE-
 b -PEO 390 (triangles), 4-phenylazomaleinanil (spheres), and P2VP 68 -azo- b -PEO 390 (squares); C) P2VP 68 -FGE- b -PEO 390 (squares),  N -(1-pyrenyl) 
maleimide (spheres), and P2VP 68 -azo- b -PEO 390 (triangles) in THF.
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compared with the pristine block copolymer (<R h > z,app = 
4  nm), and the maleimide-functionalized AuNP (<R h > z,app = 
8 nm, Figure  4 D). 
 According to DLS, the size distribution of P2VP 68 -
DA Au - b -PEO 390 slightly broadens, which might be due to 
a certain amount of aggregation of the hybrid particles 
in solution. If the structures are subjected to TEM anal-
ysis, the freshly prepared AuNPs feature sharp edges 
whereas this seems not to be the case after DA reaction 
with P2VP 68 -FGE- b -PEO 390 , indicating the attachment of 
a polymeric shell (Figure S8, Supporting Information). 
Staining with uranyl acetate was applied to the NP both 
before and after surface modiﬁ cation. As expected, no 
changes were observed for the pristine AuNP, except for 
a slight decrease of the overall contrast within the cor-
responding TEM images due to an increase of the elec-
tron density on the underlying carbon support on the 
whole TEM grid (Figure S8, Supporting Information). For 
P2VP 68 -DA Au - b -PEO 390 , a continuous dark ring of a few 
nanometers thickness is observed and this further sup-
ports the assumption of the successful formation of a 
P2VP/PEO shell. P2VP 68 -DA Au - b -PEO 390 was also trans-
ferred into DMF- d 7 and was investigated via  
1 H NMR, 
but the signal intensity of the obtained spectrum was 
rather low (Figure S9, Supporting Information). However, 
both the characteristic signals for P2VP and PEO could be 
assigned. 
 As a further proof for the successful particle coating, 
both P2VP 68 -DA Au - b -PEO 390 and the pristine AuNP were 
transferred from DMF into water (pH 7). While the solu-
tion containing P2VP 68 -DA Au - b -PEO 390 showed a red 
color (hinting toward well-dispersed hybrid particles), 
the pristine NP aggregated, indicated by a bluish color 
(Figure S10A, Supporting Information). Under acidic con-
ditions (pH ≤ 4), P2VP becomes protonated and positively 
charged. Therefore, zeta-potential measurements were 
performed for the block copolymer and the NPs, respec-
tively (Figure S10B, Supporting Information). While 
the pristine AuNP show a zeta potential of ≈–33 mV 
at pH 7, precipitation was observed at pH 4. After 
coating, a zeta potential of –3 mV at pH 7 and +22 mV 
at pH 4 was found, following the trend observed for 
 Figure 4.  Comparison of TEM images for the pristine (A, unstained) and block copolymer-coated AuNP (B, stained with uranyl acetate); 
C) comparison of UV–vis spectra for P2VP 68 -FGE- b -PEO 390 (spheres), maleimide-functionalized AuNP (squares), and P2VP 68 -DA Au -
 b -PEO 390 (triangles); D) comparison of intensity-weighted DLS CONTIN plots for P2VP 68 -FGE- b -PEO 390 (dotted curve; <R h > z,app = 4 nm and 
100 nm; 2 mg mL −1 ), maleimide-functionalized AuNP (dashed curve; <R h > z,app = 8 nm; 1 mg mL 
−1 ), and P2VP 68 -DA Au - b -PEO 390 (straight curve; 
<R h > z,app = 12 nm; 1 mg mL 
−1 ) in DMF.
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P2VP 68 -FGE- b -PEO 390 under this conditions (Figure S10B, 
Supporting Information). 
 3. Conclusion 
 We successfully synthesized a mid-chain-functionalized 
block copolymer featuring one furan moiety, P2VP 68 -FGE-
 b -PEO 390 , by sequential living anionic polymerization. The 
furan moiety was subsequently used in DA reactions with 
maleimide-functionalized counterparts to introduce dyes 
as model labels to the block copolymer or to create a het-
ero-grafted shell on AuNP. Our results convincingly dem-
onstrate that P2VP 68 -FGE- b -PEO 390 is a versatile example 
for (surface) functionalization and the introduction of 
hetero-brushes. Our results may also be used in the future 
for the stabilization of carbon nanotubes via P2VP 68 -pyr-
 b -PEO 390 , surface modiﬁ cation of NPs different from Au, or 
the preparation of ABC miktoarm star terpolymers. 
 Supporting Information 
 Supporting Information is available from the Wiley Online 
Library or from the author. 
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A strong cationic Brønsted acid, [H(OEt2)2]-
[Al{OC(CF3)3}4], as an eﬃcient initiator for the cationic
ring-opening polymerization of 2-alkyl-2-oxazolines
Tobias Rudolph,ab Kristian Kempe,†ab Sarah Crotty,abc Renzo M. Paulus,ab
Ulrich S. Schubert,abc Ingo Krossingd and Felix H. Schacher*ab
In this contribution, the cationic ring-opening polymerization (CROP) and copolymerization of 2-ethyl-2-
oxazoline and 2-tert-butyl-2-oxazoline using a strong cationic Brønsted acid, [H(OEt2)2][Al{OC(CF3)3}4], as
an initiator are described. First, various poly(2-ethyl-2-oxazoline) (PEtOx) samples are prepared and the
living/controlled character of the reaction is demonstrated. We could show that the microwave-assisted
CROP of EtOx using this initiator system proceeds faster if compared to classical initiators such as methyl
tosylate. These results were then extended to the CROP of poly(2-tert-butyl-2-oxazoline) (PtButOx) and
to PEtOx/PtButOx random and block copolymers of diﬀerent compositions. The resulting materials were
characterized using spectroscopic (1H-NMR, FT-IR), chromatographic (SEC), and thermoanalytic
techniques (DSC, TGA). Although samples containing more than 13 wt% PtButOx were insoluble in
common organic solvents, thermogravimetric (TGA, DSC), spectroscopic (IR), scattering methods (wide-
angle X-ray scattering, WAXS), and SEC in hexaﬂuoro-iso-propanol (HFIP) hinted at the successful
formation of block copolymers. In particular, WAXS revealed increasing crystallinity for samples
containing higher weight fractions of PtButOx.
Introduction
Over the last few decades a variety of controlled/living poly-
merization techniques1 such as atom transfer radical polymer-
ization (ATRP),2 reversible addition fragmentation transfer
(RAFT) polymerizations,3,4 nitroxide mediated polymerization
(NMP),5 and ring-opening methodologies, e.g. cationic (CROP),6
have been developed and optimized. Signicant progress con-
cerning possible monomers (i.e. the tolerance of the respective
method towards functional groups being present), the control
over molar mass, chain end functionality, or the usage of
functional initiators has been made and broadened the appli-
cability of such techniques. Not only homopolymers, but also
copolymers of various types (random,7 statistical,8 gradient,9
block-type10) or advanced macromolecular structures like star-
shaped,11,12 gra,13,14 or cyclic structures15 can be prepared in
this way. Especially for block copolymers, the range of possible
applications is continuously expanding and spans over diﬀerent
scientic disciplines like biology, medicine, chemistry, mate-
rials science, and physics.16,17
Poly(2-oxazoline)s represent an interesting polymer class
accessible via cationic ring-opening polymerization (CROP).
They can be regarded as pseudo-peptides and, for poly(2-ethyl-2-
oxazoline) (PEtOx), it has been demonstrated that the resulting
water-soluble materials are biocompatible and possess similar
properties as polyethylene glycol.18,19 As for oxazolines the easy
access in the C-2 position of the ring enables the attachment of
a wide variety of substituents and, hence, a library of functional
monomers.20 The physical properties of the resulting polymeric
materials, e.g. solubility or glass transition temperatures, can
thus be tuned in a wide range by simply preparing copolymers
of diﬀerent 2-oxazoline monomers.18 One further advantage of
2-alkyl-2-oxazolines is that the polymerization can be performed
both by conventional- and microwave-assisted heating in a
controlled fashion.21,22
There are a few prevailing drawbacks concerning the CROP
of 2-alkyl-2-oxazolines, for example the rather low reactivities
of certain monomers carrying sterically demanding substitu-
ents,23 chain transfer reactions related to impurities within the
initiator leading to proton-initiated polymer chains,24,25 side
reactions occurring if molar masses above 25 000 g mol1 are
targeted (loss of control),25 or a slight yellowish color of the
nal materials (in particular for near-quantitative
conversions).26
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[H(OEt2)2][Al{OC(CF3)3}4], a strong cationic Brønsted acid
with [Al{OC(CF3)3}4] as a non-oxidizing and weakly coordinating
anion,27,28 can be prepared from the lithium salt by reaction
with HCl gas and diethyl ether in CH2Cl2 solution and yields the
corresponding oxonium acid ([H(OEt2)2]
+) in multi-gram scale
and the product (as a solid powder) can be stored for years
under inert conditions without degradation, enabling easy
handling.29 Due to the rather weakly bound oxonium acid,30
[H(OEt2)2][Al{OC(CF3)3}4] represents a possible initiator system
for the proton-initiated CROP of 2-alkyl-2-oxazolines. In the case
of super acid esters, the inuence of the respective substituent
concerning the CROP of tetrahydrofuran has been already
investigated intensively.31,32 Here, higher propagation and
initiation rates were found for uorinated esters in such reac-
tions.31 This has been attributed to an improved stabilization of
the intermediate protonated species and a better accessibility of
the latter for the addition of further monomers.
Herein, we describe the investigation of [H(OEt2)2][Al
{OC(CF3)3}4] as an initiator-system for the homo- and copoly-
merization of 2-alkyl-2-oxazolines. First, various poly(2-ethyl-2-
oxazoline)s (PEtOx) are prepared and the living/controlled
character of the microwave-assisted CROP is demonstrated.
Further, poly(2-tert-butyl-2-oxazoline) (PtButOx) as an example
for a more demanding oxazoline-type material is prepared and
characterized using diﬀerential scanning calorimetry (DSC)
and wide angle X-ray scattering (WAXS). Finally, the random
and block copolymerization of EtOx and tButOx was investi-
gated and the resulting materials were characterized using
spectroscopic (1H-NMR, FT-IR), chromatographic (SEC), and
thermoanalytic techniques (DSC, TGA).
Experimental section
Chemicals
[H(OEt2)2][Al{OC(CF3)3}4] was synthesized as described in the
literature29 and stored in a sealed vial under an inert atmo-
sphere in a glove box. 2-Ethyl-2-oxazoline (EtOx) was distilled
over barium oxide before polymerization and stored under
argon. CH3CN was puried using a Solvent Purication System
(SPS, Innovative Technology, PM-400-3-MD) equipped with 2
activated alumina columns. Trimethylacetonitrile (Sigma
Aldrich, 98%), ethanolamine (ABCR), and zinc acetate were
used without further purication.
Instruments
1H-Nuclear magnetic resonance (1H-NMR) spectra were recorded
on a Bruker AC 300MHz using the residual solvent resonance as
an internal standard.
Size exclusion chromatography (SEC) was performed on two
systems: a Shimadzu SCL-10A system (a controller with a LC-
10AD pump, a RID-10A refractive index detector, and a PSS SDV
column, which was kept at room temperature). The eluent was a
mixture of chloroform–triethylamine–iso-propanol (94 : 4 : 2)
with a ow rate of 1 mL min1. All copolymers (except for the
PtButOx homopolymer) containing PtButOx were soluble in
hexauoro-iso-propanol (HFIP) and were measured on a PSS
System (equipped with a controller with a SECcurity 1100 pump,
a SECcurity 1200 refractive index and an UV (230 nm) detector,
and PSS PFG (7 mm, 100 A˚ and 7 mm, 1000 A˚) columns, which
were kept at room temperature).
Infra-red spectroscopy: Dry powders of the copolymers were
directly placed on the crystal of the ATR-FTIR (Aﬃnity-1 FT-
IR, Shimadzu) for measurements in the range of 4000 to
600 cm1.
Diﬀerential scanning calorimetry (DSC) thermograms were
recorded on a Netzsch DSC 204 F1 instrument. For the sample
annealing the sample was rst heated up to 200 C, cooled and
heated in a second run with 20 K min1, cooled and measured
for a third time with 10 K min1 in a temperature range of 50
to 200 C. The glass transition temperatures were determined
from the third heating cycle. Midpoint values have been used
for the evaluation.
Thermo-gravimetric analyses (TGA) were performed under
nitrogen atmosphere in a Netzsch TG 209 F1 Iris in the range
from room temperature to 800 C with a heating rate of 10 K
min1. The corresponding decomposition temperatures were
determined at the decay point of the curves.
Wide angle X-ray scattering (WAXS) measurements on dried
powders of PtBuOx were performed on a Bruker AXS Nano-
star (Bruker, Karlsruhe, Germany), equipped with a micro-
focus X-ray source (Incoatec ImSCu E025, Incoatec,
Geesthacht, Germany), operating at l ¼ 1.54 A˚. A pinhole
setup with 750 mm, 400 mm, and 1000 mm (in the order from
source to sample) was used and the sample-to-detector
distance was 27 cm. Samples were mounted on a metal rack
and xed using tape. The scattering patterns were corrected
for the beam stop and the background (Scotch tape) prior to
evaluations.
Microwave-assisted polymerizations
Microwave-assisted polymerizations were carried out utilizing
an Initiator Sixty single-mode microwave synthesizer from
Biotage, equipped with a noninvasive IR sensor (accuracy:
2%). Microwave vials (conical, 0.5 to 2 mL) were heated at
130 C overnight, allowed to cool to room temperature under
reduced pressure, and subsequently transferred to the glove
box. All polymerizations were carried out with temperature
control.
Synthesis of 2-tert-butyl-2-oxazoline (tButOx)
2-tert-Butyl-2-oxazoline was synthesized using a standard proce-
dure described in the literature.20,33 Trimethylacetonitrile (1 eq.)
and catalytic amounts of zinc acetate (0.025 eq.) were heated to
130 C under reux. Subsequently, 1.1 eq. of ethanolamine were
added under vigorous stirring. Aer 24 hours the reaction
mixture was cooled to ambient temperatures, diluted with chlo-
roform and extracted three times withwater and once with brine.
The organic layer was dried overmagnesium sulfate (MgSO4) and
the solvent removedunder reducedpressure. The puried tButOx
wasobtainedbydistillationoverbariumoxidewitha yieldof 40%.
1H-NMR (300 MHz, DMSO-d6, d): 4.16 (t, 2H), 3.67 (t, 2H),
1.14 (s, 9H).
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Kinetic investigations of the microwave-assisted
polymerization of 2-ethyl-2-oxazoline (EtOx) using ([H(OEt2)2]
[Al{OC(CF3)3}4] as initiator
A stock solution of EtOx, ([H(OEt2)2][Al{OC(CF3)3}4], and
acetonitrile ([M]/[I] ¼ 60) with a monomer concentration of 4 M
was prepared under inert conditions. The solution was added to
diﬀerent microwave vials, which were capped and separately
heated in the microwave synthesizer at 80 C or 140 C for
diﬀerent times, respectively. Aerwards the reaction mixture
was cooled to room temperature and 50 mL were removed for 1H
NMR and SECmeasurements. The pure polymers were obtained
aer extraction with NaHCO3 solution, brine, and dried under
vacuum. Aer precipitation in cold diethyl ether the polymer
was ltered and dried under vacuum.
1H-NMR (300 MHz, CDCl3, d): 3.6–3.2 (br, –N–CH2–CH2–),
2.5–2.2 (br, CO–CH2–CH3), 1.2–0.9 (br, CO–CH2–CH3).
General procedure for the copolymerization of 2-tert-butyl-2-
oxazoline (tButOx) and 2-ethyl-2-oxazoline (EtOx) using
([H(OEt2)2][Al{OC(CF3)3}4] as initiator
Diﬀerent ratios of tButOx and EtOx with a total number of
repeating units of 60 (DP60) were prepared under inert condi-
tions. The monomer–initiator mixture was diluted with CH3CN
to reach a total monomer concentration of 4 M. The polymeri-
zation was performed in a microwave synthesizer at 140 C until
an almost full (>90%) conversion of the monomer was observed
in the polymerization solution via NMR. Aer precipitation in
cold diethyl ether the polymer was ltered and dried under
vacuum.
PEtOx50-co-PtButOx6:
1H-NMR (300 MHz, CDCl3, d): 3.6–3.2
(br, –N–CH2–CH2–), 2.5–2.2 (br, CO–CH2–CH3), 1.4–1.2 (s, C–
(CH3)3) 1.2–0.9 (br, CO–CH2–CH3).
Exemplarily: PEtOx50-co-PtButOx6 – SEC (CHCl3/i-PrOH/
TEA): Mn ¼ 8100 g mol
1; PDI 1.19 (PS-calib.).
General procedure for the block copolymerization of 2-tert-
butyl-2-oxazoline (tButOx) and 2-ethyl-2-oxazoline (EtOx)
using ([H(OEt2)2][Al{OC(CF3)3}4] as initiator
A mixture of EtOx and the initiator ([M]/[I] ¼ 50) was diluted
with CH3CN to reach a total monomer concentration of 4 M.
The polymerization was performed in a microwave synthesizer
at 140 C. Aer full conversion of EtOx, the vial was transferred
to the glove box and tButOx was added under inert conditions,
followed by additional time in the microwave synthesizer at
140 C. The block copolymer was precipitated in cold diethyl
ether, ltered, and dried under vacuum.
Block copolymer (PEtOx50-b-PtButOx6): SEC (CHCl3/i-PrOH/
TEA): Mn ¼ 10 000 g mol
1; PDI 1.06 (PS-calib.).
Results and discussion
Since its discovery, the cationic ring-opening polymerization
(CROP) has been used for a variety of monomers (e.g. tetrahy-
drofuran,31,32,34 2-alkyl-2-oxazolines35–38). In the case of oxazo-
lines, both conventional- and microwave-assisted heating have
been shown to be highly eﬃcient (Scheme 1). However, if
microwave heating is employed, one clear advantage is
distinctly higher polymerization rates.39 Depending on the
reaction temperature, such polymerizations can be conducted
in a controlled manner and reach full conversion within a few
minutes while maintaining a controlled/living character shown
by, e.g., a high end group delity.
Typical initiators for the CROP of 2-alkyl-2-oxazolines are
alkyl halides,40,41 tosylates,42 and triates,43 enabling a controlled
polymerization and the introduction of diﬀerent functionalities
to the resulting polymeric materials.44 The proton-initiated
CROP of oxazolines can either be achieved using suitable initi-
ators such as, e.g., para-toluenesulfonic acid,45 or occur as a side-
product due to impurities included in diﬀerent initiators (e.g.
methyl tosylate23). In most cases these are unwanted side-prod-
ucts, in particular when functional groups are to be introduced.
The initiating system presented here, [H(OEt2)2][Al
{OC(CF3)3}4], consists of a strong cationic Brønsted acid
[H(OEt2)2]
+ and [Al{OC(CF3)3}4]
 as a weakly coordinating and
non-oxidizing anion. This compound can be easily synthesized
on a multi-gram scale, in high purity and handled easily as a
powder under inert conditions in a glove box. Due to the high
acidity of [H(OEt2)2]
+ and the absence of side-products we
considered this system as a fast and promising potential initi-
ator for the CROP of 2-alkyl-2-oxazolines. We therefore rst
investigated the polymerization of 2-ethyl-2-oxazoline (EtOx)
using a standard literature protocol, with a monomer concen-
tration of 4 M (396 mg mL1) and a monomer-to-initiator ratio
of 60 : 1 in acetonitrile (CH3CN).21
Kinetic investigations of the microwave-assisted
polymerization of 2-ethyl-2-oxazoline (EtOx)
A stock solution of the initiator ([H(OEt2)2][Al{OC(CF3)3}4]) and
the monomer (EtOx) with a monomer-to-initiator ratio of 60 was
Scheme 1 Mechanism for the proton-initiated cationic ring-opening polymerization (CROP) of 2-alkyl-2-oxazolines using [H(OEt2)2][Al{OC(CF3)3}4] as the initiating
system.
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prepared and diluted with acetonitrile (CH3CN) to reach a
monomer concentration of 4 M (396 mg mL1). This stock
solution was then added to separate microwave-vials under
inert conditions in a glove box at room temperature.
The polymerization rate was determined for two diﬀerent
temperatures, 80 and 140 C, and the resulting kinetic plots are
shown in Fig. 1B. In both cases a linear pseudo rst-order
kinetic was obtained. In the case of 140 C, full conversion
(99%) was observed according to 1H-NMR measurements
within a few minutes. A polymerization rate of 128 mmol L1
s1 can be calculated (Fig. 1B, red dots), being slightly higher if
compared to initiators such as e.g. methyl tosylate in
CH3CN.21,41 At 80 C, also a linear slope is obtained but with a
distinctly lower propagation rate of 3 mmol L1 s1 (Fig. 1B,
black squares).
The obtained polymers were also investigated via size
exclusion chromatography (SEC). A steady increase of the molar
mass and polydispersity index (PDI) values below 1.15 for all
polymers were obtained, which is in good agreement with other
initiator systems (Fig. 1C and D, Table 1). The theoretical molar
masses were calculated using the monomer conversion as
determined via 1H-NMR spectroscopy. The values from the SEC
measurements and the PDI values were determined against PS
standards and are higher compared to the expected molar
masses, which might be explained due to the presence of the [Al
{OC(CF3)3}4]
 counter ion, possibly inuencing the elution
behavior on the SEC column. For the polymers obtained aer
120 min (80 C) and 3 min (140 C), comparable monomer
conversions of 75% were found. In both cases, also compa-
rable molar masses of 9200/9300 g mol1 and PDIs around 1.1
were observed (Table 1).
Unfortunately, an additional characterization via MALDI-
TOF mass spectrometry was not possible, even though
diﬀerent matrices/doping agents combination or purication
steps (solvent extraction, dialysis) and diﬀerent delayed ion
extractions were tested despite the rather low PDI values. We
attribute this to the presence of traces of the initiator, pre-
venting an eﬃcient ionization of the materials. Therefore, the
molar masses reported here were determined using SEC and
the feed [M]/[I]-ratios used in the polymerization reactions (in
combination with the observed monomer conversion by 1H-
NMR).
In summary, these observations support the controlled
character of the CROP of EtOx using [H(OEt2)2][Al{OC(CF3)3}4]
as an initiator in CH3CN at diﬀerent temperatures under
microwave irradiation.
Fig. 1 NMR spectra for the polymerization of EtOx at 140 C at diﬀerent reaction times. (A) First order time–conversion plots for the kinetic investigation of the
microwave assisted polymerization of EtOx with [H(OEt2)2][Al{OC(CF3)3}4] as initiator at diﬀerent temperatures, 80
C (black squares) and 140 C (red dots); the
polymerization rate has been determined (B); comparison of the time dependent SEC traces for the polymerization of EtOx at 80 C (C) and 140 C (D).
498 | Polym. Chem., 2013, 4, 495–505 This journal is ª The Royal Society of Chemistry 2013
Polymer Chemistry Paper
For comparison, also conventional heating in an oil bath was
used for the CROP of EtOx in the bulk ([M] : [I] ¼ 250, same
initiating system) around 45 C,9,46 leading to a highly viscous
polymerization mixture aer 10 days. The resulting polymer
exhibited a molar mass of 17 000 g mol1 and a PDI value of
1.32 (Table 1).
Homo- and copolymerization of tButOx
In addition to EtOx, we also investigated the CROP of 2-tert-
butyl-2-oxazoline (tButOx) using [H(OEt2)2][Al{OC(CF3)3}4] as an
initiator. Litt et al. already described the synthesis of the
monomer in 1967, and the polymerization of tButOx using
dimethyl sulfate as an initiator in the bulk at temperatures
between 160 and 200 C.38,47 Due to solubility issues, the
resulting polymers were only characterized by DSC (no Tg
observed, melting point Tm  320 C) and wide-angle X-ray
scattering (WAXS). Only a few more examples are known in the
literature, where polymerization of tButOx was tried in a more
controlled way via tosylates or triates under diﬀerent condi-
tions.20,48 The diﬃculties in obtaining well-dened materials
based on PtButOx were attributed to the steric demand of the
tert-butyl substituent during the CROP process, leading to very
slow propagation rates. As [H(OEt2)2][Al{OC(CF3)3}4] was
demonstrated to be a highly eﬃcient initiator for PEtOx, we
hypothesized that this might also represent a suitable system
for the preparation of PtButOx.48
Regarding the material properties of PtButOx, a decrease of
the glass transition temperature (Tg) would be supposed within
the row of butyl isomers and in the increase of further carbon
atoms in the substituent in 2-alkyl-2-oxazolines.49 In the case of
further methyl-groups in the side-chain an increase is observed
from PEtOx (Tg  59 C) to poly(2-iso-propyl-2-oxazoline)
(PiPrOx, Tg 67 C), and a further increasemight be anticipated
due to the lower exibility of the side chain for PtButOx.
The monomer, tButOx, was synthesized according to liter-
ature procedures in 40% yield. Both the homopolymerization
as well as the copolymerization with EtOx using [H(OEt2)2][Al
{OC(CF3)3}4] as an initiator were investigated. For the homo-
polymerization of tButOx in CH3CN ([M] : [I] ¼ 60), oligomers
were found aer 1 h reaction time (11% conversion according
to 1H-NMR). Aer about 5 h at 140 C, a white precipitate was
observed. 1H-NMR measurements of the supernatant solution
revealed no residual monomer, hinting at full monomer
consumption. The resulting PtButOx was insoluble in
common organic solvents, polar and unpolar (to list a few:
THF, DMF, DMAc, hexane, toluene, acetone). Nevertheless, the
material could be characterized using DSC (Tg  38 C) and
TGA (a detailed description will follow later in the
manuscript).
To improve the solubility of the resulting materials and to
probe the incorporation of tButOx into random and block
copolymers, the copolymerization with EtOx was investigated.
Diﬀerent ratios of EtOx/tButOx (44/56, 61/39, and 87/13 wt%)
with a constant overall [M] : [I] ratio of 60 were used. Due to the
lower reactivity of tButOx, the polymerization time was
increased to 10 hours. The respective compositions and the
results from the SEC in hexauoro-iso-propanol (HFIP) are lis-
ted in Table 2.
PEtOx50-co-PtButOx6 (87/13 vol%) was soluble in chloroform
and could therefore be further characterized by SEC and NMR
(Fig. 2A, Table 3). For the copolymers, the subscripts denote the
degree of polymerization of the corresponding segment. The
other two compositions, PEtOx40-co-PtButOx20 and PEtOx30-co-
PtButOx30, were further characterized using DSC and WAXS
measurements (see discussion below).
Both random and block copolymers (except PtButOx60) were
soluble in hexauoro-iso-propanol (HFIP) and were character-
ized via HFIP-SEC. The results are listed in Table 2. Rather high
PDI values between 1.5 and 1.9 were observed, which we attri-
bute to the high viscosity of the solvent and slight interactions
of the materials with the column, visible through a certain
tailing towards higher elution volumes for PEtOx40-co-PtButOx20
and PEtOx30-co-PtButOx30 (Fig. 2D). This is also the case for
PEtOx60 (PDI ¼ 1.85), which was also previously analyzed using
a CHCl3-SEC (10 800 g mol
1; PDI 1.13). Nevertheless, mono-
modal elution traces are obtained in all cases, hinting at a
successful copolymerization. The corresponding values for the
molar mass of the diﬀerent copolymers are higher in compar-
ison to PEtOx60, which conrms the expected trend in the
elution behavior.
Table 1 Details for the kinetic investigation of the microwave-assisted polymerization of EtOx via [H(OEt2)2][Al{OC(CF3)3}4] at 80 and 140
C ([M]/[I] ¼ 60)
Time [min] Temperature [C] Conv.a [%] Mn,theo
a [g mol1] Mn
b [g mol1] PDI
5 80 2.4 144 1200 1.10
15 80 7.5 450 2600 1.08
30 80 18.5 1110 4100 1.08
60 80 42.7 2560 6300 1.11
120 80 74.2 4450 9300 1.11
1 140 35.9 2150 5700 1.09
2 140 60 3600 8000 1.09
3 140 74.5 4470 9200 1.09
5 140 87.6 5250 10 200 1.10
10 140 99 5940 10 800 1.13
10 daysc 45 25 000 17 000 1.32
a Obtained by 1H-NMR (300 MHz; CDCl3).
b SEC (CHCl3/i-PrOH/TEA) PS-calibration.
c Bulk polymerization with a [M]/[I] ¼ 250.
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Due to its solubility in, e.g. CHCl3, a composition of EtOx/
tButOx of 50 : 6 was chosen for further studies, i.e. the synthesis
of a PEtOx50-b-PtButOx6 block copolymer. For this purpose, a
stock solution of the initiator and EtOx ([M]/[I]¼ 50) was diluted
with CH3CN and added to three separate microwave vials. One
vial was used as a control reaction without additional tButOx, to
the second vial the respective amount of tButOx (PEtOx50-co-
PtButOx6) was added, and the third vial was used for the
sequential CROP of EtOx and tButOx, respectively, yielding
PEtOx50-b-PtButOx6. Both the rst and the third vials for the
block copolymer were heated to 140 C in the microwave-
synthesizer for 15 minutes to ensure full conversion of EtOx.
Aerwards, the control reaction was investigated using SEC and
1H-NMR to check both the molar mass distribution and the
conversion. tButOx was added to the third vial for the block
copolymer under inert conditions in the glove box. Both copo-
lymerizations (random and block) were then allowed to react at
140 C for 6 hours in the microwave. The products were aer-
wards investigated using SEC and 1H-NMR (Table 3). In addi-
tion, HFIP-SEC for PEtOx50-b-PtButOx6 revealed a small second
distribution at higher elution volume, which we attribute to
transfer reactions occurring (Fig. 2C).
Table 2 Theoretical compositions and SEC (HFIP) results for homopolymers, random, and block copolymers of EtOx and tButOx using [H(OEt2)2][Al{OC(CF3)3}4] as
initiator in CH3CN at 140
C ([M]/[I] ¼ 60)
Polymers DPa (EtOx) DPa (tButOx) wt%a EtOx wt%a tButOx Mn,theo
a [g mol1] Mn
c [g mol1] PDIc
PEtOx60 60 — 100 — 5940 4500 1.85
PEtOx50-b-PtButOx6 50 6
b 87 13 5710 8000 1.68
PEtOx50-co-PtButOx6 50 6
b 87 13 5710 7600 1.66
PEtOx40-co-PtButOx20 40 20 61 39 6500 6000 1.46
PEtOx30-co-PtButOx30 30 30 44 56 6780 6700 1.65
PtButOx60 — 60 — 100 7620 — —
a Theoretical values through the ratio of [EtOx]/[tButOx]/[I]. b Obtained by 1H-NMR (300 MHz; CDCl3).
c Obtained via SEC (hexauoro-iso-propanol).
Fig. 2 Comparison of the SEC (chloroform) traces (A) PEtOx50 (dashed black line), PEtOx50-b-PtButOx6 (dashed red line), and PEtOx50-co-PtButOx6 (blue line); cor-
responding NMR spectra (B) of the block (black line) and the random (red line) copolymer PEtOx50-co-PtButOx6; SEC (HFIP) trace for PEtOx50-b-PtButOx6 (C); SEC (HFIP)
traces (D) for PEtOx60 (solid black line), PEtOx50-co-PtButOx6 (solid red line), PEtOx40-co-PtButOx20 (solid green line) and PEtOx30-co-PtButOx30 (solid blue line).
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The SEC traces for the copolymers show a distinct shi
towards lower elution volumes in comparison to the precursor
curve (Fig. 2A, dashed black line; Table 3). For PEtOx50-co-
PtButOx6 (solid blue line), a slightly broader size distribution
(PDI value of 1.19) is observed, probably related to the lower
propagation rate of tButOx if compared to EtOx. On the other
hand, for PEtOx50-b-PtButOx6 (dashed red line) a parallel shi of
the elution curve is observed, indicating almost quantitative
crossover during the sequential CROP. Nevertheless, a small
shoulder can be seen at lower elution volumes and no second
distribution at higher elution volumes like in the HFIP-SEC
(discussed above) is observed, which might be due to the low
solubility of the homopolymer in chloroform.
Assuming full conversion of EtOx during the polymerization,
compositions of PEtOx50-co-PtButOx6 and PEtOx50-b-PtButOx6
could be calculated according to 1H-NMR measurements
(Fig. 2B).
Another method for the (qualitative) analysis of the
generated compounds and to prove the incorporation of
tButOx is Fourier transform infrared spectroscopy (FT-IR).50–52
Fig. 3 shows a comparison of the FT-IR spectra for PEtOx60
(blue line), PtButOx60 (red line), and PEtOx30-co-PtButOx30
(cyan line). In all three cases, the specic peaks for the amine
backbone (3000 cm1), the carbonyl vibration (1650
cm1), the a-carbon next to the carbonyl group (1360
cm1), and the methyl groups in the side chain (1050 cm1)
are shown and insets in Fig. 3 provide a higher resolution of
the respective area. In addition, the IR spectrum for
[H(OEt2)2][Al{OC(CF3)3}4] has been recorded (black curve,
Fig. 3) as well.
For the polyoxazoline backbone two individual signals (2980
and 2940 cm1, Fig. 3A) are observed for PEtOx60, while for
PtButOx60 and PEtOx30-co-PtButOx30 only one vibration
(2960 cm1) can be found. We explain this by changes in size
and, hence, rotational freedom of the substituent attached to
the polymer main chain. The carbonyl vibration around
(1650 cm1, Fig. 3D) is rather narrowly dened for PtButOx60
at 1620 cm1 (1650–1580 cm1) and distinctly broader (at
1635 cm1, 1680–1580 cm1) for PEtOx60. For PEtOx30-co-PtBu-
tOx30 (1680–1580 cm
1) a peak maximum again at 1620 cm1 is
observed. In the case of the methyl groups in the side chain, the
peak maxima for PEtOx60 (1377 cm
1) and PtButOx (1360 cm1)
are also observed for the copolymer at the consistent positions
(Fig. 3C). The absorption bands corresponding to the a-C in the
side-chain for PEtOx60 and PtButOx60 are observed around
1050 cm1 (Fig. 3E). For the homopolymers single peak maxima
at 1050 (PEtOx60) and 1060 cm
1 (PtButOx60) are observed,
while for the copolymer two diﬀerent peak maxima at the
associated positions were detected.
In summary, the FT-IR spectra hint at the incorporation of
tButOx and the successful formation of PEtOxm-co-PtButOxn
copolymers of diﬀerent compositions.
Table 3 Copolymerization of EtOx and tButOx in CH3CN at 140
C ([M]/[I] ¼ 60)
Polymers Ratiotheo
a (EtOx/tButOx) RatioNMR
b (EtOx/tButOx) Mn,theo
a [g mol1] Mn
c [g mol1] PDIc
PEtOx50 50/0 50/0 5000 8000 1.06
PEtOx50-b-PtButOx6 50/10 50/6 5760 10 000 1.07
PEtOx50-co-PtButOx6 50/10 50/6 5760 8100 1.19
a Feed ratio. b Obtained by 1H-NMR (300 MHz; CDCl3).
c SEC (CHCl3/i-PrOH/TEA) PS-calibration.
Fig. 3 Fourier transform infrared (FT-IR) spectra for PEtOx60 (blue line), PtButOx60 (red line), PEtOx30-co-PtButOx30 (cyan line), and [H(OEt2)2][Al{OC(CF3)3}4] (black line)
(B) and the enlargements for the important regions: (A) polymer-backbone, (C) region of a-carbon next to the carbonyl group, (D) carbonyl vibration, and (E) methyl
vibration.
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Thermal analysis of homo- and copolymers containing
PtButOx
Owing to the low solubility of the obtained copolymers with a
PtButOx content of more than six repeating units (i.e., PEtOx40-
co-PtButOx20 and PEtOx30-co-PtButOx30), additional character-
ization using diﬀerential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA) was performed. To exclude any
inuence of the counter ion from the initiator on the
measurements, PEtOx with a similar DP and synthesized using
a diﬀerent initiator was investigated as well.21 With increasing
length of the alkyl chain in the side chain of poly-2-alkyl-2-
oxazolines, the glass transition temperature (Tg) decreases (e.g.,
from methyl- to pentyl-oxazoline (DP ¼ 60) the values decrease
from 72 to 21 C).49 The corresponding polymers obtained from
2-n-butyl- and 2-i-butyl-2-oxazoline exhibit Tg-values of 23 and
53 C, respectively.49 In our case, for PtButOx60, a Tg of 38 C was
determined (Fig. 4A, blue dashed curve, 2nd heating run),
whereas no such transition was observed in the third heating
run (red curve). We attribute this to partial cleavage of the side-
chain (release of isobutylene) at elevated temperatures during
the measurement, as already the signal observed in the second
heating run is rather weak. All measured Tg values for the
diﬀerent homo- and copolymers are summarized in Table 4 – as
Fig. 4 DSCmeasurements for PEtOx60 (black), PtButOx60 (third run, solid red line; second run, dashed blue line), PEtOx50-co-PtButOx6 (blue line), PEtOx40-co-PtButOx20
(turquoise line), PEtOx30-co-PtButOx30 (pink line), PEtOx50-b-PtButOx6 (brown line) (A); two individual DSC runs for PtButOx60 at diﬀerent heating rates: 20 K min
1
(black line) and 10 K min1 (red line) (B); dependence of the Tg values with regard to the composition of the block copolymers (C); and TGA measurements for the
PEtOx60 (grey line), PtButOx60 (black line), PEtOx40-co-PtButOx20 (dotted blue line), and PEtOx30-co-PtButOx30 (dashed red line).
Table 4 Comparison of the temperature dependency of the diﬀerent homo- and copolymers analyzed via DSC and TGA
Polymers wt% PtButOxa Mn,theo
a [g mol1] Tg
b [C] Theo. weight lossa [wt%] Weight lossc [wt%]
PEtOx60 0 5960 56.0
PtButOx60 100 7620 37.7
e 69 71
PEtOx50-co-PtButOx6
d 13.3 5710 53.9 9.2 15
PEtOx40-co-PtButOx20 39.1 6500 57.0 26.9 30
PEtOx30-co-PtButOx30 56.2 6780 56.5 38.8 38
PEtOx50-b-PtButOx6
d 13.3 5710 57.2 9.2 14
a Feed ratio. b Determined via the mid-value obtained by DSC from the third run. c Determined via TGA. d Consumption determined via 1H-NMR.
e Determined from the second DSC run.
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can be seen, the expected Tg of PEtOx with approximately 56 to
57 C remains unchanged in all cases (Fig. 4A and C, Table 4).
The Tg of PtButOx, however, is not visible for both homo- and
block copolymers, even for higher weight fractions, e.g. PEtOx30-
co-PtButOx30.
Thermogravimetric analysis (TGA) of PtButOx60 revealed two
decomposition temperatures (Tdecomp) around 240 and 340 C
(Fig. 4D). Presumably, at 240 C the cleavage of the side chain
results in the formation of isobutylene and carbon monoxide
(loss of 85 g mol1; 69 wt% of the repeating unit), like has been
already observed for tert-butyl aziridine polymers53–55 or tert-
butyl methacrylate polymers in the literature.56,57 This might
well represent a very promising approach for the synthesis of
linear poly(ethylene imine), if compared to the controlled
hydrolysis in a multi-step reaction.42 Very recently, Schlaad et al.
investigated 2-iso-propyl-2-oxazoline polymers regarding the
decomposition mechanism of the polymer chains at elevated
temperatures (420 C).58 The authors also reported the
occurrence of a cleavage of the side chain, followed by the
decomposition of the main chain into mixtures of protonated
monomers and oligomers. In our case, this can be assumed as
the second Tdecomp, leading to the degradation of the backbone.
For the diﬀerent copolymers TGA traces with characteristics
in between both homopolymers (PEtOx and PtButOx) were
observed, showing a similar two-step decomposition of the
materials. Depending on the composition, the decay can be
used for a rough estimation of the PtButOx content (Table 4).
We attribute the weight loss observed up to 200 C to the
evaporation of residual solvent and the degradation of the
initiator, [H(OEt2)2][Al{OC(CF3)3}4] (Fig. 4D).29
The weight loss observed in the TGA measurements is in
good agreement with the theoretical calculated values accord-
ing to the experimental calculated compositions (Table 4).
Wide-angle X-ray scattering (WAXS) of PtButOx60 and the
corresponding block copolymers
We further subjected PtButOx60 and the diﬀerent copolymers
(PEtOx30-co-PtButOx30, PEtOx40-co-PtButOx20, and PEtOx50-co-
PtButOx6) to wide-angle X-ray scattering (WAXS, Fig. 5A). In all
cases, a distinct reection at 2q¼ 8 is observed, corresponding to
a d-spacing of 11.01 A˚, which is in good agreement with the value
reported by Litt et al. (11.2 A˚).37 For identical measurement times
of 2 h, the displayed peak intensity decreases with decreasing
amount of incorporated tButOx. In all cases displaying a suﬃ-
cient signal-to-noise ratio (PtButOx60, PEtOx30-co-PtButOx30, and
PEtOx40-co-PtButOx20), a degree of crystallinity of approximately
65  2% could be deduced from the WAXS data. We further
compared the diﬀractograms of PEtOx50-co-PtButOx6 and
PEtOx50-b-PtButOx6 (Fig. 5B). In this case, the signal intensity is
higher for the block copolymer, hinting at an improved crystal-
lization of the respective PtButOx segments, whereas the reec-
tion obtained for PEtOx50-co-PtButOx6 is rather weak, in
particular if compared to the intensities depicted in Fig. 5A. This
can be explained by the lowweight fraction of PtButOx of 13 wt%.
For the block copolymer with the same weight fraction of
PtButOx, PEtOx50-b-PtButOx6, the improved crystallization
behavior might be a hint of the occurrence of microphase sepa-
ration.We, therefore, also dissolved PEtOx50-b-PtButOx6 inwater,
which is a selective solvent for the PEtOx segment. A slightly
turbid solution was obtained, showingmicelles with an apparent
Rh of 20 nm (data not shown here). These measurements further
support the successful formation of random and block copoly-
mers of PEtOx and PtButOx.
Conclusion
We have shown that [H(OEt2)2][Al{OC(CF3)3}4], a strong cationic
Brønsted acid, represents an eﬃcient initiator for the cationic
ring-opening polymerization of 2-alkyl-2-oxazolines. A rather
high propagation rate (128 mmol L1 s1) was found for 2-ethyl-
2-oxazoline under microwave irradiation at 140 C in CH3CN,
exceeding reported values for, e.g., methyl tosylate.21 This was
then extended to a more demanding member of the oxazoline
class, 2-tert-butyl-2-oxazoline, and rst examples of random and
block copolymers of EtOx and tButOx were synthesized and
characterized using diﬀerent techniques. Owing to the rather
low solubility of PtButOx containing materials in common
Fig. 5 WAXS diﬀractograms for PEtOx50-co-Pt-ButOx6 (black line), PEtOx40-co-PtButOx20 (red line), PEtOx30-co-PtButOx30 (blue line), and PtButOx60 (green line, A);
comparison of the WAXS data for PEtOx50-co-PtButOx6 (black line) and PEtOx50-b-PtButOx6 (blue line, B).
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organic solvents, SEC in hexauoro-iso-propanol (HFIP) was
employed and the increasing content of PtButOx in diﬀerent
copolymers was qualitatively proven by FT-IR, TGA, and WAXS
data. The fact that PtButOx seems to degrade in a two-step
procedure during heating at elevated temperatures and that the
rst step might represent a cleavage of the side chain will be
investigated inmore detail in the near future. This might enable
a facile protocol for the synthesis of linear poly(ethylene imine)
segments in homo- and block copolymers.
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Figure S1: Kinetic investigation of the synthesis of MITla comparing the newly formed thiolactone signal at 
4.95 ppm (DMSO- d6) to trioxane as internal standard at 70 °C. 
 
Figure S2: Comparison of FT-IR spectra for maleic anhydride (blue trace-), D,L-homocysteine thiolactone 
hydrochloride (black trace), and the desired maleimide thiolactone (IUPAC: 1-(2-oxotetrahdrothiophen-3-yl)-
1H-pyrrole-2,5-dione; MITla, red trace). 
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Figure S3: Enlarged FT-IR spectrum for MITla and the important signals for: carbonyls at 1689, C-N-C at 
1400, and the maleimide double bond at 830 and 690 cm
-1
. 
 
Figure S4: 
1
H-NMR spectra of maleimide thiolactone (MITla) and peak assignment (CDCl3, 300 MHz). 
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Figure S5: 
13
C-NMR spectrum of maleimide thiolactone (MITla) (CDCl3, 75 MHz). 
 
Figure S6: ESI-MS spectrum for MITla. 
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Figure S7: Comparison of SEC traces for the homopolymerization of MITla initiated by different amounts of 
TPO in solution (100 mg mL
-1
 DCM): 5 wt.% (dotted line), 10 wt.% (straight line), and 20 wt.% (dashed line). 
 
Figure S8: Comparison of SEC traces for the homopolymerization of MITla initiated by different amounts of 
AIBN in solution (100 mg mL
-1
 THF): 5 wt.% (dotted line), 10 wt.% (straight line), and 20 wt.% (dashed line). 
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Figure S9: Comparison of 
13
C-NMR traces for MITla (black trace) and PMITla (10 wt.% TPO, bulk; red 
trace) (DMSO-d6 , 75 MHz). 
 
 
Figure S10: NMR spectrum for PMITla
AIBN
 initiated by AIBN in THF (CDCl3, 300 MHz). 
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Figure S11: 
13
C-NMR spectrum for PMITla
AIBN
 (DMSO-d6 , 75 MHz). 
 
Figure S12: 
13
C-NMR spectrum for PMITla
AIBN
 (CDCl3, 75 MHz). 
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Figure S13: COSY spectrum for PMITla
AIBN
 initiated via AIBN in THF (300 MHz; CDCl3).
 
 
 
Figure S14: HSQC NMR spectrum for PMITla
AIBN
 initiated via AIBN in THF (300 MHz; CDCl3). 
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Figure S15: DSC thermogram for PMITla
TPO
 in the temperature range of -30 to 200°C. 
 
Figure S16: Comparison of FT-IR traces for PMITla
AIBN
 (red trace) and PMITla
TPO
 (black trace) (A) and an 
enlargement of the fingerprint region (B). 
10 
 
Figure S17: Comparison of SEC traces for P(MITla-alt-S)10 (dotted line), P(MITla-alt-S)23 (straight line), and 
P(MITla-alt-S)36 (dashed line). 
 
Figure S18: 
1
H-NMR spectrum for P(MITla-alt-S)23 and peak assignment (300 MHz; CDCl3). 
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Figure S19: 
1
H-NMR spectrum for P(MITla-alt-S)23 and peak assignment (300 MHz; DMSO-d6). 
 
Figure S20:
 1
H-NMR spectrum for P(MITla-co-NIPAAm)23 and peak assignment (300 MHz; CDCl3). 
12 
 
Figure S21: A) Time vs. styrene monomer conversion plot determined by NMR (black square) and GC (red 
dot) for the copolymerization of MITla and styrene; B) comparison of SEC traces for the kinetic investigation 
of the copolymerization of MITla and styrene using RAFT. 
 
 
Figure S22: Comparison of DSC traces for P(MITla-alt-S)23 (black lines), P(MITla-co-NIPAAm)23 (red lines) 
and PMITla
TPO
 (blue lines) in the second (straight lines) and third (dashed lines) heating run. 
13 
 
Figure S23: Comparison of NMR spectra for PMITla
AIBN
 before (black trace) and after (red trace) double 
modification via n-butylamine and methyl acrylate (300 MHz; CDCl3). 
 
Figure S24: HSQC NMR spectra for PMITla
AIBN,DM
 initiated via AIBN in CHCl3 by methyl acrylate and n-
butylamine and peak assignment (300 MHz; CDCl3). 
14 
 
Figure S25: Comparison of NMR traces for P(MITla-co-NIPAAm)23 before (black trace) and after (red trace) 
double modification via n-butylamine and methyl acrylate (300 MHz; CDCl3). 
 
Figure S26: Comparison of NMR traces for P(MITla-alt-S)36 before (black trace) and after (red trace) double 
modification via n-butylamine and methyl acrylate (300 MHz; CDCl3). 
15 
 
Figure S27: Comparison of 
13
C-NMR traces for PMITla
AIBN,DM 
(blue trace), P(MITla-co-NIPAAm)23
DM
 (red 
trace), and P(MITla-alt-S)36
DM
 (black trace); inset shows the signal at 58 ppm.  
 
Figure S28: Comparison of SEC traces for the double modification by methyl acrylate and n-butylamine for 
P(MITla-alt-S)36 in different solvents: pristine P(MITla-alt-S)36 (dashed line), in THF (black line), in dioxane 
(red line), chloroform (blue line), DMF (blue line). 
16 
 
Table S1: Double modification of P(MITla-co-S)36 by n-butylamine and methyl acrylate at different conditions 
(25 mg mL
-1
). 
Solvent Reaction 
Time [h] 
Further educt 
addition after 
Estimated degree of 
functionalization [%]
a 
Mn
b
 [g 
mol
-1
] 
Ð
b 
DMF 48 24 h 40 19 600 1.55 
THF 48 24 h 60 18 600 1.37 
Dioxane 48 24 h 50 16 600 1.30 
Chloroform 48 24 h 60 15 000 1.29 
a) Degree of functionalization is estimated via 1H-NMR (300 MHz; CDCl3) 
b) SEC (DMAC/LiCl): PS-calib. 
 
Figure S29: Comparison of 
13
C-NMR spectra for double modification by methyl acrylate and n-butylamine 
for P(MITla-alt-S)36 in different solvents: in THF (black line), in dioxane (red line), chloroform (blue line), 
DMF (blue line) (75 MHz; CDCl3); (As polymers were only precipitated once before measuring NMR, educt 
signals are still observed). 
17 
 
Figure S30: Comparison of FT-IR spectra for PMITla
AIBN
 before (black trace) and after (red trace) 
modification by methyl acrylate and n-butylamine. 
 
Figure S31: Comparison of FT-IR spectra for P(MITla-co-NIPAAm)23 before (black trace) and after (red 
trace) modification by methyl acrylate and n-butylamine. 
18 
 
Figure S32: Comparison of FT-IR spectra for P(MITla-co-S)36 before (black trace) and after (red trace) 
modification by methyl acrylate and n-butylamine. 
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We demonstrate an efﬁcient strategy for the preparation of well-dispersed hybrid particles in organic
media via a combination of the solution-based formation of magnetic nanoparticles (MNPs) and subse-
quent coating with amino celluloses of different degrees of polymerization. The coating process was
veriﬁed by a combination of light scattering, thermogravimetry, and magnetic techniques. Further, the
hybrid particles exhibit an average diameter of roughly 8 nm, as demonstrated by electron microscopy
and light scattering. The stability of the so-called MNP@ACx hybrid particles (x represents the average
degree of polymerization of the amino cellulose) in polar organic solvents such as DMAc was exploited
by using the materials as heterogeneous ligands in the atom transfer radical polymerization (ATRP) of
styrene. We could show that PS with a near-narrow molecular weight distribution (PDIs < 1.3) and low
Cu contents (5 ppm) can be prepared. The MNP@ACx particles could be separated from the reaction
mixture afterwards by an external magnetic ﬁeld and reused in further polymerizations.
 2012 Elsevier Inc. All rights reserved.
1. Introduction
During the last decades, the ﬁeld of nanotechnology, in particu-
lar the synthesis and characterization of metal nanoparticles
(NPs), has gained considerable interest in a variety of disciplines,
including chemistry, physics, biology, biotechnology, and medi-
cine. The development of efﬁcient routes for the preparation of
functional nanomaterials represents one current research focus
[1]. Due to their size, nanoparticles exhibit unique properties, for
example, a large surface-to-volume ratio and highly active surface
sites, which renders them promising candidates for a wide range of
applications [2–4]. More speciﬁc, metal NPs have already been ap-
plied as carriers for drug targeting [5–7], contrast enhancement
[8,9], chromatographic separations [10], or for the encapsulation
of enzymes [11], Among those, magnetic nanoparticles (MNP,
e.g., Fe3O4) have been widely employed for cell labeling and sepa-
ration [12], as contrast agents during magnetic resonance imaging
(MRI) [13], as magnetic ferroﬂuids for hyperthermia treatment
[14], and for the separation of enzymes and proteins [15]. The
physical background for all these applications is the response of
these MNPs to external magnetic ﬁelds.
The coating of MNPs or, in general, inorganic NPs with poten-
tially biocompatible polymeric materials is a facile way to improve
the solution stability for such hybrid structures, prevent agglomer-
ation, aid the in vivo distribution, or even target speciﬁc micro-
environments. Therefore, simple and economical routes for the
preparation of MNP@polymer hybrids are an important topic. Cur-
rent approaches include MNPs coated with amino acids (L-glutamic
acid and L-lysine monohydrochloride) [16], silica shells [17],
polydiacetylene [18], poly(vinyl alcohol) [19], or polysaccharides,
such as dextran [20], carboxymethyl dextran, -pullulan, and carbo-
xymethylated cellulose [21].
Further applications of MNP@polymer hybrid particles include
the removal of traces of heavy metal ions in solution, for example,
for water puriﬁcation, as has been shown for MNP@SiO2 where Bis-
muthiol II could be immobilized. The resulting nanoparticles could
be used as a solid-phase extraction adsorbent for the removal of
traces of Cr, Cu, and Pb from environmental aqueous samples
[22]. The selective complexation of immobilized ligands on MNPs
has also been used in heterogeneous atom transfer radical poly-
merizations (ATRPs), where N,N,N00,N00-tetraethyldiethylenetri-
amine-grafted MNPs were shown to be suitable ligands for the
controlled radical polymerization of methyl methacrylate [23].
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The atom transfer radical polymerization (ATRP) process is
among the most effective and versatile methods for controlled/
living radical polymerizations (CRPs) [24–26]. ATRP has been
investigated extensively and a huge variety of polymers with
well-deﬁned properties or topologies are accessible, as well as
the modiﬁcation of surfaces, or the preparation of block copoly-
mers [27–30]. One drawback of ATRP is the presence of a transition
metal catalyst, typically Cu, in the order of 0.1–1 mol% relative to
the used monomer. This may cause environmental problems and
therefore limits an industrial application. Further, depending on
the synthesized polymers, it can be difﬁcult to remove the catalyst
afterwards from the polymeric materials generated. Several ap-
proaches have been developed to circumvent these problems: for
example, reducing agents can be used to continuously regenerate
the active Cu(I) in activators regenerated by electron transfer
(ARGET) ATRP processes [31]. The immobilization of the catalyst
on a solid support, for example, silica and crosslinked polystyrene
beads, is another strategy for the regeneration and the recycling of
Cu [32]. Other approaches include the use of ionic liquids [33,34]
or solvent mixtures [35] during the polymerization, the catalyst
removal using ion exchange resins [36], or ligands containing
alkoxysilyl groups which also complex Cu [37].
Polysaccharides are unique biopolymers with an enormous
structural diversity. Cellulose is a renewable, biodegradable, and
non-fossile polysaccharide most abundant in nature, which has at-
tracted great interest in academic and industrial life. In addition,
cellulose can be easily derivatized to produce industrial products,
which are used in different ﬁelds, like shown for pharmaceutical
products, or the food, textile, and paper industry [38]. Moreover,
studies revealed that ﬁlms formed by aliphatic amino celluloses
can be used for the immobilization of biomolecules, creating
opportunities for the preparation of biosensors, bioreactors, and
immunoassays [39].
In this work, we demonstrate an efﬁcient strategy for the for-
mation of Fe3O4@aminocellulose hybrid nanoparticles. The materi-
als are well-dispersed in DMAC afterwards and can be used as
heterogeneous ligands in the Cu-mediated controlled radical poly-
merization of styrene (Fig. 1). The so-called amino cellulose used
for the coating of MNPs was 6-deoxy-6-(2-(bis(2-aminoethyl)
aminoethylamino) cellulose (AC). The material has been synthe-
sized using established techniques and with different degrees of
polymerization, DP (Avicel, DP = 250, AC250; degraded cellulose
ﬁber, DP = 50, AC50).
The coating process was carried out in dilute solution at ele-
vated temperatures, and the hybrid particles were characterized
using X-ray diffraction (XRD), magnetization measurements, trans-
mission electron microscopy (TEM), and dynamic light scattering
(DLS) afterwards. The MNP, coated and uncoated, proved to be sta-
ble in aqueous media, even after a long period. Further, the coating
with amino cellulose rendered well-dispersed hybrid nanoparticles
in polar organic solvents, such as N,N-dimethylacetamide (DMAc)
or dimethylsulfoxide (DMSO). The structure of the amino-moieties
of AC50 and AC250 is similar to commonly used ligands in atom
transfer radical polymerizations, such as N,N,N0,N0,N00-pentamethyl-
diethylenetriamine (PMDETA), as shown in Fig. 1. We therefore
used such Fe3O4 @amino cellulose hybrid NPs (MNP@ACx, where
the subscript corresponds to the estimated degree of polymeriza-
tion of the amino cellulose) as heterogeneous ligands in the ATRP
of styrene and near-narrow molecular weight distributions with
polydispersities lower than 1.3 could be accomplished. Even more,
the hybrid particles could be easily removed after the polymeriza-
tion by an external magnetic ﬁeld and reused in further reactions.
The polymers generated via this approach showed very low Cu
contents (5 ppm), comparable to those reported for state-
of-the-art ARGET methodologies.
2. Experimental
2.1. Materials
Microcrystalline cellulose, Avicel PH 101, was purchased from
Fluka with DP = 250, and cellulose with DP = 50 was achieved after
degradation of the regenerated ﬁbers [40]. All solvents and
reagents were purchased from Acros or Sigma–Aldrich and
were puriﬁed as recommended elsewhere [41]. FeCl36  H2O
and FeCl24  H2O (Sigma) were used as received. Styrene was
Fig. 1. Synthesis of the Fe3O4 nanoparticles, coating with amino cellulose, and complexation of CuBr during heterogeneous ATRP procedures.
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ﬁltered over aluminum oxide to remove any inhibitors prior to
polymerization.
2.2. Synthesis of 6(2)-O-tosyl cellulose (TC)
6(2)-O-tosyl cellulose was synthesized by reacting celluloses
(DP, 50 and 250) with tosyl chloride (TosCl) and triethylamine,
TEA in N,N-dimethylacetamide/lithium chloride (DMAc/LiCl) under
homogeneous conditions according to Rahn [42]. The molar ratio of
the anhydroglucose unit (AGU) and reagents was 1:2:4 (AGU/Tos-
Cl/TEA), yielding a product with a degree of substitution (DS) of
1.0. The DS was determined by elemental analysis (sulfur content).
Elemental analysis: C 48.77, H 4.98, S 10.60.
FTIR (KBr): 3550 m(OH), 3074 m(@CH), 2030 m(CH), 1598 m(C@C),
1367 d(CH) and mas(SO2), 1119 m(CAOAC), 814 d(C@H) cm
1.
13C NMR (DMSO-d6): d 144.7–127.4 (tosylate aromatics), d
105–65 (cellulose backbone), 20.7 (CH3) ppm.
2.3. Synthesis of 6-deoxy-6-(2-(bis(2-aminoethyl)aminoethylamino)
cellulose (AC)
The samples of AC were synthesized via 6(2)-O-tosyl cellulose
(DS = 1.0) with tris(2-aminoethyl)amine according to a method de-
scribed elsewhere [43]. 2 g of TC was dissolved in 20 mL DMSO and
heated to 100 C, under an inert atmosphere. The amine was added
as a 25-fold excess compared to the amount of AGU units present.
The solution was stirred for 6 h at 100 C. The product was precip-
itated in acetone and washed several times with isopropanol. The
sample was dried under reduced pressure for analysis. For our pur-
pose, 2% w/w stock aqueous solutions was prepared. The AC was
obtained with a DS of 0.80, as determined from the elemental anal-
ysis, and the product was characterized by 1H NMR and 13C NMR
spectroscopy (Table S1). The remaining amount of tosylate moie-
ties (DSTos) was around 0.05. The tosylate anion was exchanged
against chloride afterward.
Elemental analysis: C 50.27, H 8.92, N 15.31, S 1.27.
2.4. Preparation and coating of magnetic nanoparticles (MNPs)
MNPs were obtained by alkaline hydrolysis of iron(II) and
iron(III) chloride (molar ratio 1:2) in aqueous solution according
to the co-precipitation method described previously [44]. The pH
value of the resulting suspension was 2.2, and the conductivity
was 1.2 mS/cm.
The surface modiﬁcation was carried out by adding a solution
of 6-deoxy-6-(2-(bis(2-aminoethyl)aminoethylamino) cellulose
(2 wt.%) to an aqueous solution of the MNP (10 mg/mL). The result-
ing mixture (1:1 v/v) was heated at 70 C for 2 h. MNP@AC50 and
MNP@AC250 were isolated by applying an external magnetic ﬁeld
and washed ﬁve times with 20 mL of deionized water. One part
of the product was frozen and freeze-dried for further analysis.
The MNP-AC were stored in water and treated with ultrasound.
For the transfer of the particles into DMAc, washing was performed
for ﬁve times with 30 mL of DMAc.
2.5. ATRP of styrene
Polymerizations were carried out in DMAc as the solvent, and
each entry in Table 2 represents an individual experiment. There-
fore, the coated MNPs were transferred from water to DMAc. Both
MNP@AC50 and MNP@AC250 were stored in 5 ml of DMAc (40 mg/
mL) and treated with ultrasound prior to the experiments.
The experiments were performed using sealed ﬂasks (Schott)
under an inert atmosphere. Initially, stock solutions were prepared,
and from those stock solutions, portions were taken to ensure the
exact concentration of the reagents. In a typical reaction, MNP@ACx
stored in 5 mL of DMA, monomer (styrene, 22 mg, 0.21 mmol), and
1,3,5-trioxane (46 mg, 0.51 mmol), an internal standard for the
control of the conversion via NMR spectroscopy, were added to a
dry ﬂask. The mixture was degassed for 15 min with nitrogen
and afterwards CuBr (0.30 mg, 2.13 lmol) was added under
nitrogen ﬂux. In a second sealed ﬂask, the initiator, methyl
a-bromoisobutyrate (0.38 mg, 2.11 lmol) in 1 mL of DMA was
degassed and transferred to the reaction ﬂask via syringe subse-
quently. The sealed ﬂask was placed in a shaker set to a tempera-
ture of 70 C for 3 days. The ratio of reagents was 100: 1.01: 1.0: 1.3
for monomer, CuBr, initiator, and ligand, respectively.
In order to compare the results of the polymerization with
MNP@ACx, a standard reaction was performed using N,N,N0,N0,N00-
pentamethyldiethylenetriamine, PMDETA, as a ligand. The reaction
was carried out under the same experimental conditions and with
the same ratio of reagents (M/Cu/I/L = 100:1.01:1:1.3).
2.6. Separation and reuse of the heterogeneous ligands
The MNP@ACx were separated from the polymerization solution
using an externalmagnetic ﬁeld gradient afterwards. The remaining
solution containing the polymer and eventually unreacted mono-
merwas removed from the ﬂask via syringe, and theMNP@ACxwere
washed (1  5 mL) with degassed DMAc. Then, further 5 mL of
degassed DMAc was added and the MNP@ACx solution subjected
to ultrasound. The same concentration of reagents as used during
the ﬁrst run and additional ascorbic acid (0.17 mg, 1.0 lmol) were
added and the mixture was degassed for 15 min. The initiator,
methyl a-bromoisobutyrate in 1 mL of DMAc was degassed, and
transferred to the reaction ﬂask via syringe. The second runwas car-
ried out at 70 C for 3 days, as described earlier.
3. Characterization of MNP and MNP@ACx
3.1. X-ray diffraction (XRD)
XRD measurements were performed with an X’Pert-Twin
diffractometer (Philips, Eindhoven, Netherlands), using Cu Ka
radiation.
3.2. Thermogravimetrical analysis (TGA)
Thermogravimetric analysis (Netzsch STA409, Selb, Germany)
was used to determine the amount of adsorbed amino cellulose.
The measurement was carried out under nitrogen atmosphere
from 30 C to 500 C, with a heating rate of 10 C/min.
3.3. Magnetization measurements
The magnetic properties of MNP and MNP@ACx were deter-
mined using a Micromag vibrating sample magnetometer model
Micromag 3900 (Princeton, USA). The measurements were carried
out at room temperature.
3.4. Transmission electron microscopy (TEM)
The morphology and size of the MNP and MNP@ACx were
analyzed using a TEM (Zeiss-CEM 902A, Oberkochen, Germany)
operating at 80 kV. Images were recorded using a 1 k TVIPS Fast-
Scan CCD camera. The TEM samples were prepared by applying a
drop of the sample solutions onto the surface of a carbon coated
copper grid (Quantifoil Micro-Tools GmbH, Jena, Germany).
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3.5. Dynamic light scattering (DLS)
DLS measurements were performed on an ALV CGS-3 setup
equipped with a He–Ne laser operating at a wavelength of
k = 632.8 nm and at a scattering angle of 90. The CONTIN algo-
rithm was applied to analyze the obtained correlation functions.
Apparent hydrodynamic radii were calculated according to the
Stokes–Einstein equation.
Further DLS and zeta potential measurements of the MNP and
MNP@ACx in solution were performed using a Zetasizer Nano
ZS (Malvern Instrument, Worcestershire, UK), equipped with a
He–Ne Laser operating at 633 nm and at a scattering angle of
173. The obtained hydrodynamic diameters are sizes by intensity.
The polydispersity index (PDI) was obtained using the cumulant
method, assuming a spherical shape. Data were averaged from at
least three runs.
In all cases, the samples were diluted with deionized water or
DMAc to ﬁnal concentrations of about 0.05 mg/ml, and ultrasound
was applied for 10 min prior to the experiments where necessary.
3.6. Elemental analysis (EA)
Elemental analysis was conducted using a CHNS 932 Analyzer
(Leco).
4. Polymer characterization
4.1. 1H NMR spectroscopy
1H NMR spectra were recorded on a Bruker Advance 250 MHz
spectrometer using CDCl3 as solvent and TMS as internal standard.
The monomer conversions were determined gravimetrically and
by 1H NMR spectroscopy using 1,3,5-trioxane as reference.
4.2. Size exclusion chromatography (SEC)
The molecular weight and molecular weight distribution of the
synthesized polymers were determined by a Shimadzu system,
equipped with a SCL-10A system controller, a LC-10AD pump,
and a RID-10A refractive index detector. A solvent mixture con-
taining chloroform, triethylamine, and isopropanol (94:4:2) was
used as eluent at a ﬂow rate of 1 mL min1 on a PSS-SDV-linear
M 5 lm column at room temperature. The system was calibrated
with polystyrene (100–150000 Da) standards.
4.3. Copper and iron content
Residual copper and iron were determined by atomic absorp-
tion spectroscopy (AAS), using an Analytik Jena, model Nova 400,
atomic absorption spectrophotometer (Jena, Germany). Samples
of 300 lg of PS were dissolved in THF and used for each AAS mea-
surement. The analysis was performed in 1% HNO3/H2O. The quan-
tiﬁcation was done by comparison with a standard curve.
5. Results and discussion
5.1. Synthesis and characterization of Fe3O4@amino cellulose hybrid
NPs
The synthesis of the Fe3O4 nanoparticles (MNPs) was carried out
according to literature protocols [44]. The as-synthesized MNPs
show a hydrodynamic diameter (DLS) of 56 nm in water. This
can mainly be attributed to agglomeration and the individual par-
ticles show a diameter of 8 ± 2 nm, as will be demonstrated by TEM
measurements (Fig. 4A). Fig. 1 illustrates the synthesis of the Fe3O4
nanoparticles, followed by the coating with AC and subsequent
complexation with CuBr. The so-generated Fe3O4@amino cellulose
hybrid NPs can then be used as heterogeneous ligands in the ATRP
of styrene.
Due to the amino groups, the MNPs exhibit a positive surface
charge in f-potential measurements, +48 mV (pH 2). Coating of
the Fe3O4 nanoparticles with amino cellulose of different average
degrees of polymerization (AC50, AC250) was performed in dilute
aqueous solution (pH 6). Afterwards, the values obtained for the
f-potential were +41 and +40 mV for MNP@AC50 and MNP@AC250,
respectively. The prevailing positive f-potential values can be
explained due to the presence of amino groups on the surface of
the modiﬁed nanoparticles, which are protonated under these con-
ditions. The difference between the DS of amino celluloses samples
did not lead to a signiﬁcant change in the f-potential values
[16,45].
Another possibility to prove the formation of hybrid structures
is the monitoring of the temperature-dependent weight loss dur-
ing thermogravimetry (TGA). Therefore, we dried both MNP@AC50
and MNP@AC250, and TGA measurements were performed on sam-
ples of 10 mg quantity (Fig. S1, solid black line). The decomposition
process can be divided into two stages within a temperature range
from 35 to 500 C. Between 35 and 150 C, the initial weight loss of
the samples was below 5%, presumably due to the evaporation of
adsorbed water. At higher temperatures (150–400 C), a weight
loss of approximately 28% can be seen, indicating the degradation
of organic material, that is, amino cellulose. If this is compared to
the as-synthesized MNP, almost no weight loss is observed up to
a temperature of 500 C (Fig. S1, solid gray line). According to the
TGA measurements, the DP of the used AC had no signiﬁcant inﬂu-
ence on the adsorbed amount of polysaccharide onto the pre-
formed MNPs. The thickness of the amino cellulose shell can be
roughly calculated according to the determined weight loss during
TGA experiments (taking into account, the respective densities of
qFe3O4 = 5.2 g/cm
3 and qAC  1.7 g/cm
3) and leads to values of
approximately 4 nm. Although these values are relatively high for
particles with a diameter of roughly 8 nm, such shell thicknesses
are in good agreement with literature data on amino cellulose
monolayers on planar surfaces [46]. Please note that although
the main fraction is individual MNP (see Fig. 3), the presence of
some aggregates and, hence, coating of multiple particles by amino
cellulose cannot be excluded at this point.
5.2. XRD characterization of the as-synthesized Fe3O4 MNPs
Fig. 2 shows the XRD powder diffraction pattern of the as-syn-
thesized particles, characteristic for spinel iron oxide (maghemite/
magnetite) [47]. By XRD, the mean crystallite size of the synthe-
sized MNP was determined to be 8 nm, as calculated according
to the width of the (440) XRD peak at half height, using the Scher-
rer equation:
D ¼ Kk=b cos h ð1Þ
Here, K is the Scherrer constant (0.9 for magnetite); k the X-ray
wavelength (1.54 Å); b the corrected width of the XRD peak at half
height (radian), and h the Bragg diffraction angle [48].
5.3. Solution characterization of Fe3O4@amino cellulose hybrid NPs
Another indication for the successful formation of MNP@ACx
hybrid structures is a signiﬁcant change of the solution properties:
after coating with amino cellulose, the resulting hybrid particles
were stable in polar organic media such as DMAc, whereas this
was not the case for the uncoated MNPs under these conditions.
This was further investigated using dynamic light scattering, both
before and after coating with amino cellulose. All sample solutions
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were treated with ultrasound to reduce aggregate formation prior
to the measurements and diluted to a ﬁnal concentration of
0.05 mg/mL. To allow for an estimation of the long-term stability,
the hydrodynamic diameters were determined after 10 min, 5, 24,
48, 72, and 168 h in water and DMAc (Fig. S2). The size distribution
ofMNP inwater and DMAc is shown in Fig. S3. All samples analyzed
showed a monomodal size distribution and hydrodynamic diame-
ters larger than expected for the individual particles according to
other techniques, for example, XRD and TEM. This can be attributed
to agglomeration of the individual particles [49,50]. Nevertheless,
the results demonstrate that the uncoated MNP form stable disper-
sions in aqueous media. If dispersed directly in DMAc, precipitation
could be observed within several minutes.
After coating, the MNP@ACx hybrid particles are well-dispersed
in DMAc, as demonstrated by constant hydrodynamic diameters
(Fig. S3) and the absence of precipitation. We attribute this to
the structure of the amino cellulose coating present on the surface
of the particles. The fact that such MNP@ACx hybrid particles are
stable both in aqueous and organic media renders this approach
quite attractive.
Whereas Fig. S2 depicts the long-term stability of the hybrid
structures, further DLS experiments and the corresponding num-
ber-weighted size distributions are shown in Fig. 3. Number-
weighted hydrodynamic diameters of 7.6 nm (MNP@AC50) and
7.8 nm (MNP@AC250) were observed, which is in relatively good
agreement with the DLS (6.8 nm) and the XRD (8 nm) results of
the as-synthesized MNP.
5.4. TEM analysis
The size and the morphology of MNP@AC250, both before and
after the coating process, were also characterized by TEM (Fig. 4,
similar results were obtained for MNP@AC50). The as-synthesized
MNPs are shown in Fig. 4A and B, after drop-casting from water
and DMAc, respectively.
As can be seen in Fig. 4A, the as-synthesized MNPs exhibit a
spherical shape with an average diameter of 8 ± 2 nm, which is in
good agreement with DLS and XRD measurements. In contrast, in
DMAc (Fig. 4B), larger agglomerates were formed, leading to pre-
cipitation. This can also be observed in TEM, where large particle
clusters are found.
After coating with amino cellulose, the MNP@AC250 particles are
well-dispersed both in DMAc and in aqueous media. In both cases,
(Fig. 4C for water and 4D for DMAc), individual particles and also
smaller clusters were found in TEM. The individual particles re-
vealed similar average diameters as observed earlier for the as-
synthesized MNP. The amino cellulose shell could not be visualized
in TEM, even after staining with uranyl acetate. Also, attempts to
detect the shell using cryo-TEM were unsuccessful, even after
staining with uranyl acetate or quaternization of the amino groups
using methyl iodide. However, the solution properties and the TGA
measurements do support a successful coating with either AC50 or
AC250. We attribute the formation of smaller clusters to agglomer-
ation in solution, as also observed during DLS studies. Nonetheless,
constant hydrodynamic diameter values indicate a long-term sta-
bility of these hybrid particles. We conclude that the morphology
and the size of the individual MNPs are retained during the coating
process, and similar results were found for particles after coating
with AC50 (micrographs not shown here).
5.5. Magnetic properties of MNP@ACx
The magnetic behavior of the as-synthesized MNP, MNP@AC50,
and MNPqAC250 was investigated by vibrating sample magnetom-
etry (VSM). The magnetization curves recorded at room tempera-
ture are shown in Fig. 5. Both the particle size and a low
coercivity visible in their magnetic proﬁle are an evidence for pre-
dominantly superparamagnetic behavior of the MNP [51]. The sat-
uration magnetization of the uncoated MNP is 59 Am2 kg1 which
is typically for maghemite nanoparticles. Due to the nonmagnetic
properties of amino cellulose on the particle surface, mean satura-
tion magnetization decreases after the coating process. The here
investigated samples MNP@AC50 and MNP@AC250 have a satura-
tion magnetization of 50 and 47 Am2 kg1, respectively. Within
the accuracy of the measurements, both MNP@AC50 and
MNP@AC250 seem to have the same shell thickness. The slight dif-
ference in saturation magnetization in our case might also be
related to rather small sample amounts, which have been available
for investigation. Further, another effect – the substantial decrease
in the relative Fe3O4 magnetic core content in MNP@ACx also leads
to a decrease in saturation magnetization. This behavior has al-
ready been described in other studies, for example, a signiﬁcant
decrease of 58% in saturation magnetization has been found after
coating MNP with ethylcellulose [52]. Detailed studies of the
magnetic behavior of polymer-coated magnetic ferrites have also
been reported by other authors [53].
The coercivity increases in the sample order MNP, MNP@AC50,
and MNP@AC250 from 0.9 Oe, 2.6 Oe, to 8.1 Oe, respectively. This
Fig. 3. number-weighted CONTIN plots for diluted solutions (0.1 mg/mL) of
MNP@AC50 (Dh,app = 7.6 nm; solid black line) and MNP@AC250 (Dh,app = 7.8 nm;
dashed black line).
Fig. 2. XRD pattern of the as-synthesized Fe3O4 MNPs, the reﬂection used for the
size determination [440] is highlighted.
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could be caused by slight differences in shell thickness for
MNP@AC50 and MNP@AC250, leading to changes in the effective
distance between adjacent magnetic cores and an increase in
coercivity and remanence due to decreasing particle–particle inter-
actions with increasing distance [54,55]. But as other measure-
ments (DLS, TEM, and TGA) suggest that both shell thicknesses
are comparable, we tentatively attribute this ﬁnding to the
agglomeration of the MNP@ACx to larger clusters. An increasing
size of the agglomerates (as observed in DLS measurements) can
also cause an increase in these parameters [56].
From the shape of the magnetization curve, the effective mag-
netic core diameter was determined to be 8.1 nm following the
Chantrell method [49], which is in good accordance to the results
obtained from the other characterization methods (DLS, TEM, and
XRD). The obtained characterizations for the different MNP sus-
pensions are summarized in Table 1.
5.6. Heterogeneous ATRP of styrene
The ATRP of styrene was carried out in DMAc, a medium in
which the MNP@ACx particles proved to be stable. Previous studies
have shown that the ATRP of styrene can be performed in DMAc
[57,58]. For example, styrene chains were grafted from silica beads
(as a colloidal sol in DMAc) [57]. Moreover, the ATRP of styrene and
Table 1
Summary of characterization data for the as-synthesized MNP and MNP@ACx.
Entry Sample XRD
(nm)
DLS
(nm)
TEM
(nm)
VSM
(nm)
Ms
(Am2 kg1)
1 MNP 8 6.8 	8 8.1 59
2 MNP@AC50 – 7.6 	8 8.1 50
3 MNP@AC250 – 7.8 	8 8.1 47
Table 2
Conditions and results employed for the polymerization of styrene in DMAc at 70 C.
Entry Sample Time
(h)
Mn
(g mol1)
Mn,
theorical
PS
conversion (%)
Mw/
Mn
1 MNP@AC50 48 2300 2900 29 1.27
2 MNP@AC50 60 4800 4700 47 1.26
3 MNP@AC50
a 72 8000 6800 68 1.20
4 MNP@AC50 96 9200 7800 78 2.36
5 MNP@AC50
2nd run
72 8400 6900 69 1.22
6 MNP@AC250
a 72 8000 6700 67 1.23
7 MNP@AC250
2nd run
72 8400 6900 69 1.20
8 Controla 72 9900 5100 51 1.23
9 MNP@AC50
2nd runb
72 4500 4200 42 1.90
a Experiments carried out at least in duplicates.
b Without additional ascorbic acid.
Fig. 4. TEM micrographs for MNP and MNP@AC250; as-synthesized MNP from water (A) and DMAc (B); MNP@AC250 from water (C) and DMAc (D).
Fig. 5. Magnetic hysteresis curves for the as-synthesized MNP (a), MNP@AC50 (b),
and MNP@AC250 (c).
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methyl methacrylate using initiators for continuous activator
regeneration (ICAR) and with Ru(Cp
)Cl(PPh3)2 as the catalyst
was conducted in a mixture of DMAc and anisole [57]. In our case,
MNP@ACx hybrid particles serve as a heterogeneous ligand during
the ATRP procedure.
For comparison, one experiment was performed using PMDETA
as ligand and this will be referred to as the control reaction.
PMDETA represents one of the most widely employed ligands in
ATRP [26], and the structure is similar if compared to the amino-
substitution present on the surface of the coated particles. All
experiments were conducted in a heatable shaker, and the mono-
mer conversion was determined both gravimetrically and by 1H
NMR spectroscopy, using the signal for the vinyl protons of styrene
in comparison with an internal standard (1,3,5-trioxane) (Fig. S4).
The evolution of Mn and the polydispersity index (PDI) with
increasing monomer conversion for different reaction times is
shown in Table 2. The experimental conditions were optimized
using MNP@AC50. The molecular weight increases with increasing
conversion and near-narrow molecular weight distributions of
around 1.2 (Table 2, entries 1–3) were obtained. The polymeriza-
tion is rather slow, as demonstrated by a conversion of only 29%
after 48 h (entry 1). After 72 h, a conversion of 68% could be
achieved (entry 3). A further increase in polymerization time re-
sulted in a less controlled process, indicated by a drastic increase
in polydispersity (entry 4), which we tentatively attribute to a
higher tendency for termination reactions with decreasing
monomer concentration at such high dilutions. Using the same
experimental conditions and MNP@AC250, comparable results con-
cerning reaction speed and polydispersity were obtained (entry 6).
In most cases, the molecular weight obtained was slightly higher if
compared to the theoretical values, indicating an initiator
efﬁciency below 100%. In all cases except entry 4 and 9, a monomo-
dal elution trace was obtained, indicating a good control over the
ATRP process. The results are comparable with those obtained for
the control reaction using PMDETA (entry 8). The SEC traces for
PS, using MNP@AC50, MNP@AC250, and PMDETA as ligand, are
shown in Fig. 6A. Within this study, no effect of the molecular
weight of the amino cellulose used for the coating process on the
use as heterogeneous ligand in ATRP could be observed.
5.7. MNP@ACx recycling and reuse
In comparison with other methods (e.g., ARGET ATRP) used for
the preparation of polymers with a reduced Cu-content, one clear
advantage of this approach using magnetic hybrid nanoparticles
as heterogeneous ligands is that the material can be isolated easily
afterwards and, even more important, potentially reused for fur-
ther reactions. We therefore isolated the MNP@ACx particles using
an external magnetic ﬁeld after 72 h and used them as ligands in a
second polymerization (Table 2, entries 5 + 7; Fig. 6B). More pre-
cise, MNP@ACx were washed with degassed DMAc and treated
with ultrasound. Initial attempts targeting a direct reuse unfortu-
nately lead to less controlled polymerizations (Mn = 4500 g/mol
and a PDI of 1.9) (Table 2, entry 9), although all steps were carried
out under oxygen-free conditions. We therefore added small
amounts of ascorbic acid to reactivate any Cu(II) generated. The
presence of a reducing agent during the second polymerization
proved to be extremely important and, also here, conversions of
69 % and near-narrow molecular weight distributions were
achieved (Table 2, entries 5 + 7). Exemplarily, SEC traces for poly-
mers generated with MNP@AC250 as heterogeneous ligands in a
ﬁrst and second run are shown in Fig. 6B.
Fig. 6. SEC traces for polystyrene (PS) generated via ATRP reactions: Part A, control reaction with PMDETA as ligand (dotted line), and using MNP@AC50 (dashed line) or
MNP@AC250 (solid line); Part B, using MNP@AC250 in a ﬁrst (solid line) and second (dashed line) polymerization procedure.
Fig. 7. Images of PS solutions after ATRP using MNP@AC50 (A) and PMDETA (B) as ligands.
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5.8. Determination of residual Cu
In ATRP polymerizations, the efﬁcient removal of any transition
metals afterwards can cause problems. In our case, the MNP@ACx
hybrid particles could be easily isolated after the polymerization
using an external magnetic ﬁeld to afford a clear, colorless polymer
solution. This is shown in Fig. 7 (Tube A). In case of the control
reaction (Tube B), a greenish solution is obtained afterwards.
The residual amount of Cu in the ﬁnal polymer (PS) was deter-
mined using atomic absorption spectroscopy (AAS), resulting in
>10.000 ppm for the control reaction using PMDETA and only
4.9 ppm for the heterogeneous procedure employing MNP@AC50.
If the reaction mixture with PMDETA as a ligand was ﬁltrated over
an aluminum oxide column after the polymerization, the amount
of residual Cu could be reduced to about 17 ppm. In another ap-
proach, where the ligand was immobilized on a Merriﬁeld resin,
approximately 15 ppm of residual Cu was obtained [59]. In case
of ARGET ATRP under batch, semibatch, and continuous reactor
conditions, different methacrylate- and acrylate-based materials
with Cu levels below 50 ppm could be generated [60]. In this
context, our strategy to use heterogeneous Fe3O4@amino cellulose
hybrid ligands and the subsequent separation with an external
magnetic ﬁeld represents an efﬁcient way for the preparation of al-
most Cu-free polystyrene. Moreover, no residual Fe and hence, no
remaining hybrid particles, could be detected by AAS.
6. Conclusion
We demonstrated an efﬁcient strategy for the formation of
MNP@ACx hybrid nanoparticles. The successful coating process
can be proven by a decrease in the values of both f-potential and
magnetization. In addition, TGA measurements revealed a weight
loss below 400 C, which can be attributed to the deterioration of
the amino cellulose. According to a combination of XRD, VSM,
TEM, and DLS measurements, the hybrid particles exhibit an aver-
age diameter of roughly 8 nm. Most important, after coating, the
MNP@ACx can be dispersed both in aqueous media and in DMAc,
which renders this approach promising for the fabrication of hy-
brid particles with a broad solubility range.
As one possible application ﬁeld, we used MNP@ACx hybrid par-
ticles as heterogeneous ligands in the ATRP of styrene and near-
narrow molecular weight distributions with polydispersities lower
than 1.3 could be accomplished. Even more, the hybrid particles
could be easily removed after polymerization by an external mag-
netic ﬁeld and reused in further polymerization reactions. The so-
generated polymeric materials showed low Cu contents, compara-
ble to established procedures such as ARGET-ATRP.
Future improvements of the presented approach will focus on
the scalability of the particle preparation and also the effective
magnetization (separation time after the polymerization proce-
dure) of the particles used. The latter might be improved in the fu-
ture by using multi-core particles of slightly larger diameter,
whereas the current preparation route should be feasible on a
multi-gram scale.
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Porous NiOx nanostructures templated by
polystyrene-block-poly(2-vinylpyridine) diblock
copolymer micelles
Maximilian Bra¨utigam,ab Peter Weyell,b Tobias Rudolph,c Jan Dellith,a Sven Krieck,d
Holger Schmalz,e Felix H. Schacher*c and Benjamin Dietzek*ab
A facile synthetic route to NiOx nanostructures using various amphiphilic polystyrene-block-poly-
(2-vinylpyridine) (PS-b-P2VP) diblock copolymers as templates was investigated. The synthesis targets NiOx
nanostructures with a large surface area in order to allow an eﬃcient functionalization, e.g., through
loading with dyes to enable photo-induced hole injection for use in dye-sensitized solar cells or in (photo-)
catalytic systems. The complete synthetic process to NiOx contains several steps: (i) the dissolution of the
diblock copolymer, (ii) the subsequent addition of Ni2+, followed by the formation of core–corona micelles
and eventually, (iii) further addition of Ni2+, resulting in the formation of a macroscopic precipitate. In all
cases, (iv) deposition onto diﬀerent substrates and calcination yielded NiOx ﬁlms. All intermediates were
thoroughly investigated using scanning or transmission electron microscopy, dynamic light scattering, and
UV-vis spectroscopy. In contrast to the well-established synthetic route via the commercially available
Pluronic F108 triblock copolymer, in our case a variety of diﬀerent morphologies was found, i.e. spherical
particles, toroid structures, or networks. Furthermore, the obtained BET area of about 50 m2 g1 is
comparable to the value for conventionally obtained NiOx surfaces. First dye sensitization experiments with
coumarine 343 conﬁrm that the dye binds to the surface, which is a prerequisite for using the material as a
photo-electrode. The presented route to porous NiOx is easy and provides superior control over the
morphology of the intermediates involved in nanostructure formation.
Introduction
Several NiOx semiconductor syntheses are known to provide
NiOx for various applications.1,2 For example, NiOx has been
used as a photo-catalyst to deposit organic substances,3 for
water splitting,4–8 in lithium batteries, and in supercapacitor
applications.9–11One of themost promising applications of NiOx
nanoparticles is to sensitize the nanoparticle lms for improved
light harvesting of the p-type NiOx semiconductor. Here, an
example is their use in dye-sensitized solar cells (DSSCs) where
it had been tested for the rst time by He et al. in 1999.12 State-
of-the-art dye-sensitized solar cells, however, use TiO2 as an
n-type semi-conductive material.13 Attempts were made to
combine both semiconductors within one solar cell, which
leads to the concept of dye-sensitized tandem solar cells1,14,15
that increase the Shockley–Queisser limit16 to about 43%
compared to a single junction cell with a limit of 31%.13 Another
example for the use of dye-sensitized NiOx nanoparticles is their
use as catalyst or support for the graing of molecular
catalysts.17
A wide variety of techniques for the production of NiOx
surfaces was developed, e.g., scalable microwave sintering,18,19
spray pyrolysis,20 plasma-enhanced chemical vapor deposi-
tion,21 pulsed laser deposition,22 chemical bath deposition,23
magnetron sputtering,24,25 and sol–gel26,27 or polymer template
synthesis.28–30 The most commonly used method is based on
block copolymer micelles in selective solvents for one of the two
blocks.31 Of particular interest are systems featuring one
segment to which Ni2+ can be selectively coordinated. These
micelles then serve as templates for NiOx nanoparticles. The
Ni2+–block copolymer complex micelles can be deposited onto a
substrate and calcined in a furnace to yield NiOx nano-
particles.28 The most widely used polymeric material for this
approach is the commercially available triblock copolymer
Pluronic F108 (poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide)). This synthetic route via triblock
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copolymer micellization is straightforward, cheap, reliable, and
yields spherical particles with an average size of about 12 nm
and the BET surface of the resulting NiOx is in the 40 m
2 g1
range. Furthermore, repeated deposition gives access to thicker
multilayer lms.28,29
The route described here was designed to provide control
over the intermediates involved in such a multi-step synthetic
process (block copolymer unimers, Ni2+–block copolymer
hybrid structures, mono- or multi-layer lms, nal NiOx
morphology). Furthermore, the protocols reported in the liter-
ature typically operate using spherical nanoparticles. Herein,
we demonstrate an approach which allows ne-tuning of the
intermediate particle morphology during preparation of NiOx
nanostructures, building on synthetic strategies that have
already resulted in other metal oxide nanoparticles.32,33We used
well-dened micelles formed by the addition of dened
portions of Ni2+ to solutions of polystyrene-block-poly(2-vinyl-
pyridine) (PS-b-P2VP) diblock copolymers in non-selective
solvents. Hence, the micellar core will consist of a complex
formed between Ni2+ and poly(2-vinylpyridine) (P2VP), which is
well known to complex Ni2+.34,35 Aer loading, such micelles can
be calcinated, resulting in NiOx nanoparticles. Unlike the
synthetic route via F108, the lm thickness that can be reached
for the presented route is determined by the block copolymer
concentration, which, in turn, oen has drastic eﬀects on the
micellar size distribution or homogeneity. We present a thor-
ough investigation on the formation of block copolymer–Ni2+
hybrid micelles, their solution behavior, and the preparation of
porous NiOx nanostructures utilizing dynamic light scattering
(DLS), UV-vis spectroscopy, or electron microscopy. We further
use sonication to tune the size of the intermediates and, hence,
the resultant NiOx nanoparticles. Finally, it is demonstrated
that spin coating of the mixture onto the substrate yields very
homogeneous lms.
The paper is organized as follows: rst, three PS-b-P2VP
diblock copolymers with diﬀerent composition are compared
with regard to micellar size and loading with Ni2+. Aer iden-
tication of the most promising combination using dynamic
light scattering and electron microscopic techniques, diﬀerent
deposition techniques, more precisely doctor blading and spin
coating, were compared with regard to the preparation of block
copolymer–Ni2+ lms of varying thicknesses. Aer calcination,
cyclic voltammetry (CV) measurements and NiOx surface dye-
sensitization experiments using coumarine 343 are described.
Experimental section
Materials
Tetrahydrofuran (Merck, p.a.) was puried by successive
distillation over CaH2 and potassium and kept under dry
nitrogen before usage. Styrene (BASF, p.a.) was degassed three
times via freeze pump thaw cycles using a high vacuum line.
Aer degassing, styrene was stirred over Bu2Mg and condensed
under a high vacuum into storage ampoules and kept frozen
under N2 until use. 2-Vinylpyridine (Acros, 97%) was distilled
from CaH2 under nitrogen, stirred over Et3Al for 2 h and
condensed into storage ampoules. 1,1-Diphenylethylene
(Aldrich, 97%) was puried by stirring with sec-BuLi under N2
followed by distillation. sec-BuLi (Acros, 1.3 M in cyclohexane/
hexane: 92/8), Bu2Mg (Aldrich, 1 M in heptane), and Et3Al
(Aldrich, 1 M in hexanes) were used as received. Solvents used
for the preparation of hybrid micelles were of spectroscopic
grade.
Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) diblock
copolymers with diﬀerent compositions were synthesized via
sequential anionic polymerization using a procedure adopted
from the literature.36 Polymerization was carried out in a ther-
mostatted laboratory autoclave (Bu¨chi) under dry nitrogen
atmosphere using tetrahydrofuran (THF) as the solvent and sec-
BuLi as the initiator. First, styrene was polymerized at 70 C
for 30 min. Subsequently, 1,1-diphenylethylene (DPE, [sec-
BuLi]/[DPE]¼ 1/1.1) was injected to adjust the nucleophilicity of
the living chain end followed by stirring for 1 h. Aerwards, 2-
vinylpyridine was added and allowed to react for 1 h before
being terminated with degassed methanol. The resulting PS-b-
P2VP diblock copolymers were isolated by precipitation in water
followed by drying in a vacuum oven.
Preparation of diblock copolymer–Ni2+ hybrid structures
A saturated, ethanolic NiCl2 solution (abs. ethanol) was
prepared at room temperature. This solution was added to a
solution of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP)
in THF, toluene, or chloroform. Upon addition of the NiCl2
solution to the diblock copolymer the solution turns blue and
for high Ni2+ concentrations, i.e. more than one equivalent of
Ni2+ per 2-vinylpyridine unit, precipitation is observed. Best
results regarding homogeneity, porosity and thickness were
obtained aer sonicating the sample with a Sonics VibraCell
VC505 for 10 s with a power of 500 W at a frequency of 20 kHz.
Preparation of NiOx lms
The block copolymer–Ni2+ mixture was deposited on Menzel
microscope slides either via spin coating or via doctor blading.
For the electrochemical investigation, conductive ITO glass
substrates were used. Subsequently, the surface was burnt in a
furnace with a temperature program starting at 300 C and
increased to 450 C within 20 min. Aerwards, the sample was
kept in the furnace at 450 C for additional 10 min. In the last
step, the surface of the NiOx lm was thoroughly rinsed with
pure water to remove remaining NiCl2.
Dye sensitization
Sensitization of the surface with a dye as needed for the use of
the NiOx lms in dye-sensitized solar cells was performed by
soaking the lms in a 1 mM coumarine 343 solution in aceto-
nitrile. The success of the sensitization process was conrmed
by UV-vis spectroscopy.
Scanning electron microscopy (SEM) and energy dispersive X-
ray microanalysis (EDX)
Electron microscopic examinations were performed by using a
JSM-6300F (JEOL, Tokyo, Japan) eld-emission microscope
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(FE-SEM). The lateral resolving power of that system is specied
to be approximately 3 nm at 15 keV electron energy. Detectors
for secondary (SE; Everhardt–Thornley type) as well as back-
scattered electrons (BSE; YAG- and semiconductor type) were
used for imaging. In some cases the specimen stage was tilted
(up to 60) to enhance the topographic visibility. The Ni2+-
loaded material was deposited onto glass substrates. In order to
avoid charging eﬀects all samples were coated with approxi-
mately 20 nm carbon. Cross-sectional preparations were per-
formed aer short-term LN2-cooling in order to reduce the
degree of ductility and to achieve plain true edge fracture
patterns.
Analytical studies were carried out simultaneously by energy
dispersive X-ray spectrometry (EDX). For this purpose a 30 mm2
Si(Li) type detector from Oxford Instruments (Abingdon, UK) in
combination with the INCA-Energy evaluation soware package
was used. The energy resolution of the used detector amounts to
133 eV at 5.9 keV (Mn-KL3 (a1) radiation).
Transmission electron microscopy (TEM)
The formed aggregates were analyzed using a TEM (Zeiss-CEM
902A, Oberkochen, Germany) operated at 80 kV. Images were
recorded using a 1k TVIPS FastScan CCD camera. TEM samples
were prepared by applying a drop of the sample solution onto
the surface of a carbon coated copper grid (Quantifoil Micro-
Tools GmbH, Jena, Germany) directly aer sonication and the
excess liquid was removed with a lter paper.
Dynamic light scattering (DLS)
Dynamic light scattering was performed at a scattering angle of
90 on an ALV CGS-3 instrument equipped with a He–Ne laser
operating at a wavelength of 633 nm at 25 C. The CONTIN
algorithm was applied to analyze the obtained correlation
functions. For temperature dependent measurements the DLS
is equipped with a Lauda thermostat. Apparent hydrodynamic
diameters were calculated according to the Stokes–Einstein
equation. All CONTIN plots shown are number-weighted.
UV-vis spectroscopy
All UV-vis spectra were measured on a Vario Cary 5000 UV-vis
spectrometer.
BET
The specic surface area was determined via the BET method37
by multipoint nitrogen adsorption measurements at 77 K
utilizing an Autosorb-1, Quantachrome Corporation. Prior to
the measurements, the sample was evacuated at 300 C to
remove remaining water from the surface.
Cyclic voltammetry (CV)
Electrochemical data were obtained by cyclic voltammetry using
a conventional single-compartment three electrode cell
arrangement in combination with a potentiostat AUTOLAB®,
eco chemie. For the measurements a 0.196 cm2 Pt disk was used
as the working electrode, glassy carbon as the auxiliary
electrode and Ag/AgCl (3 M KCl) as the reference electrode.
Measurements were carried out in nitrogen purged water with
0.2 M KCl as the supporting electrolyte and 0.01 M KH2PO4 and
0.01 M K2HPO4 as the buﬀer.
Results and discussion
The aim of the work described was to establish a versatile and
straightforward synthetic route toward nanostructured and
porous NiOx surfaces using amphiphilic diblock copolymers as
templates for micellar intermediates. All steps involved were
monitored using various techniques, e.g. light scattering and
UV-vis measurements. It is well-known that amine-containing
block copolymers can be used to complex metal ions, as has
been demonstrated for poly(2-vinylpyridine) and Zn2+,33 poly((2-
dimethylamino)ethyl methacrylate),38 poly(ethylene imine),39 or
for the formation of noble metal nanoparticles within distinct
domains of block copolymer nanostructures.31,40,41
Here, we used three diﬀerent polystyrene-block-poly(2-vinyl-
pyridine) (PS-b-P2VP) diblock copolymers. The molecular
parameters (block weight fractions, molecular weights, dis-
persity indices) are summarized in Table 1. The process
employed for the formation of NiOx nanostructures including
all intermediate steps is depicted in Fig. 1. Starting with a block
copolymer solution of PS-b-P2VP in a non-selective solvent
(unimers are present), the subsequent addition of Ni2+ and the
Ni2+–P2VP complex formation leads to a collapse of the P2VP
segment and the formation of micelles (see Fig. 1, step i). These
structures then feature a PS corona and a hybrid Ni2+–P2VP
complex coacervate core. For these structures, we were aiming
at diameters of about 100 nm to later yield NiOx nanoparticles
in the sub-100 nm range aer calcination. An excess of Ni2+
eventually leads to further agglomeration of the structures and
to a macroscopic precipitate (step ii). Both individual micelles
in solution (step iv) and the precipitate (step iii) can then be
deposited onto suitable substrates and used for subsequent
calcination to yield nanostructured NiOx nanoparticle surfaces.
We rst started by investigating solutions of the diﬀerent PS-b-
P2VP block copolymers in toluene of varying polymer concentra-
tions by dynamic light scattering (DLS, Fig. 2A). As shown in Table
1, we used three diﬀerent compositions, PS65-b-P2VP35, PS68-b-
P2VP32, and PS75-b-P2VP25. The subscripts denote the weight
fraction (wt%) of the corresponding block. The DLS results shown
in Fig. 2A conrm the presence of unimers (hDhin,app < 20 nm) for
PS68-b-P2VP32 and PS75-b-P2VP25 in toluene at all concentrations
investigated (up to 10 g L1). Only in the case of PS65-b-P2VP35
larger structures with hydrodynamic diameters of up to 200 nm
were found when using concentrations higher than 5 g L1 (red
spheres in Fig. 2A). This might be due to the high content of P2VP
in this block copolymer and this sample features the highest
molar mass of all diblock copolymers used. For PS75-b-P2VP25
the corresponding CONTIN plots are shown in Fig. 2B, depicting
hydrodynamic diameters of hDhin,app ¼ 14–18 nm for the entire
concentration range.
In all cases (PS65-b-P2VP35, PS68-b-P2VP32, and PS75-b-P2VP25)
micellization can be induced upon addition of a saturated
ethanolic NiCl2 solution, indicated by a color shi of the
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reaction mixture from colorless to green or blue. This color
change is attributed to the formation of Ni2+ complexes with
heterocyclic aromatic amines, which show a characteristic blue
coloring.35 The complexation can be induced by NiCl2 in
ethanol, while Ni(acac)2 complexes were found to be not labile
enough to enable complex formation with the 2-vinylpyridine
moiety. Thereby, the micellar size depends on the Ni2+/2VP ratio
(Fig. 2C). While PS65-b-P2VP35 and PS68-b-P2VP32 strongly
agglomerate starting from 0.5 and 0.7 equivalents of Ni2+/2VP,
as evidenced by the apparent hydrodynamic diameter of more
than 2000 nm (data not shown), PS75-b-P2VP25 only shows a
moderate size increase from 40 nm at 0.6 eq. to 80 nm when 1
eq. of Ni2+/2VP was used. The subsequent addition of more than
1 eq. of Ni2+ leads to the formation of a blue precipitate
(photograph shown in Fig. 2D), indicating further aggregation
and, nally, precipitation. As will be shown later in the UV-vis
spectra, the supernatant solution does not exhibit the charac-
teristic absorption for Ni2+–pyridine complexes and, hence, we
expect the precipitation to be almost quantitative.
The comparison of the micellar sizes of the three PS-b-P2VP
block copolymers revealed that micelles formed by PS75-b-
P2VP25 match the desired size range of 40–80 nm diameter and,
in addition, here the highest loading capacity with Ni2+ with
respect to 2VP while maintaining colloidal stability was found.
Both other block copolymer samples showed signicant
Table 1 Molecular characteristics of the three diﬀerent polystyrene-
block-poly(2-vinylpyridine) diblock copolymers used
Diblock copolymer Mn
b [kg mol1] PDIc
PS65-b-P2VP35
a 230 1.03
PS68-b-P2VP32 66 1.02
PS75-b-P2VP25 146 1.04
a The subscripts denote the weight fraction (%) of the corresponding
segment and were determined via 1H-NMR in CDCl3.
b The molecular
weight of the rst block (PS) was determined using THF–SEC with PS
calibration; the length of the P2VP segment was then calculated by
1H-NMR spectroscopy using the Mn of the PS block for signal
calibration. c Determined by THF–SEC applying a PS calibration.
Fig. 2 (A) Hydrodynamic diameter of PS65-b-P2VP35 (red spheres),
PS68-b-P2VP32 (blue triangles), and PS75-b-P2VP25 (black squares) in
toluene at diﬀerent concentrations. (B) DLS CONTIN plots of PS75-b-
P2VP25 at diﬀerent concentrations in toluene; (C) DLS CONTIN plots
for PS75-b-P2VP25 after the addition of diﬀerent amounts of Ni
2+:
0.1 eq. (8 nm), 0.4 eq. (40 nm), 0.6 eq. (48 nm), 0.8 eq. (90 nm), 1.0 eq.
(68 nm), and 1.3 eq. (14 nm, also a macroscopic precipitate was
formed) at a constant block copolymer concentration of 10 g L1; (D)
photograph of a vial containing a Ni2+–block copolymer mixture with
1.3 eq. Ni2+/VP.
Fig. 1 Schematic representation of the synthetic route towards nanostructured NiOx; the addition of Ni
2+ to a PS-b-P2VP block copolymer
solution leads to the formation of micelles (i); increasing the Ni2+ concentration above a critical threshold leads to precipitation (ii); this
precipitate is then spin coated onto a glass substrate and calcined at 450 C (iii); alternatively, the initial micellar solution after step (i) can be
directly applied to a suitable substrate via spin coating (iv).
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aggregation at comparable loading. Therefore, further experi-
ments exclusively focused on the use of PS75-b-P2VP25.
Aer having identied a suitable block copolymer for tem-
plating, besides toluene also chloroform and THF were tested
regarding the formation of Ni2+–PS75-b-P2VP25 hybrid micelles.
As shown in Fig. 2, hydrodynamic diameters in the desired sub-
100 nm range could be obtained when using toluene. According
to TEM, for the addition of 0.8 equivalents of Ni2+ micelles, a
core of 20–30 nm in size can be found (Fig. 3A). This corre-
sponds quite well to the results obtained earlier using DLS
(hDhin,app ¼ 90 nm) and the particles are of spherical shape.
They thus t the prerequisites we postulated above for the
synthesis of a homogeneous nanostructured NiOx surface. For
comparison, micelles formed in chloroform and THF were
rather ill-dened and exhibited – especially in the case of THF –
a rather inhomogeneous size distribution (Fig. 3B). Further-
more, the micelles deposited from chloroform formed inter-
connected networks according to TEM (Fig. 3C) and the inner
part of the structures appeared brighter than the surrounding,
which hints towards the localization of the heavier Ni2+ ions
within the corona of the micelle (collapses when deposited onto
the TEM grid). We therefore focused on the use of Ni2+/PS75-b-
P2VP25 hybrid micelles prepared in toluene.
In toluene, the aforementioned blue color of the Ni2+-loaded
micelles is highly dependent on the Ni2+/2VP ratio. This color
change can be monitored by UV-vis spectroscopy in order to get
more insight into the loading of the micellar core and, even-
tually, precipitation. The pure ethanolic solution of NiCl2
exhibits an absorption band at 420 nm (Fig. 4). Solutions with
low Ni2+/2VP ratios of 0.4 eq. show decreasing intensity of this
band at 420 nm, indicating low concentrations of free Ni2+, i.e.,
almost all nickel ions are complexed by P2VP. These solutions
strongly absorb at around 620 nm, indicating the presence of
the blue Ni2+–2VP complex. Further increase of the amount of
Ni2+ leads to a decrease of the band at 620 nm. These ndings
are supported by DLS measurements, which show a distinct
decrease in particle size as the Ni2+/2VP ratio approaches unity
(Fig. 2). Besides precipitation occurring for the Ni2+–block
copolymer hybrid micelles, which simultaneously decreases the
concentration of the blue Ni2+–2VP complexes, also free Ni2+
remains in the supernatant solution as shown by an increase in
the band at 420 nm.
The PS75-b-P2VP25 micelles with a Ni
2+/2VP ratio of 0.8 were
further investigated using scanning electron microscopy (SEM)
aer deposition onto a carbon-coated copper grid (Fig. 5A).
Here, an average micellar diameter of roughly 60 to 100 nm was
found, which is slightly larger than the size estimated by TEM.
This can be explained by the fact that by TEM only the micellar
core could be visualized and the less densely packed corona is
spread onto the TEM grid and not visible. The size is compa-
rable to that obtained by DLS (hDhin,app ¼ 90 nm). Aer calci-
nation utilizing a temperature program raising the temperature
from 300 C to 450 C in 20 min and holding at 450 C for
further 10 min, ellipsoidal toroids of 100 to 150 nm diameter
were found on the substrate (Fig. 5B). These structures might
have resulted from the fusion of several spherical micelles
during the calcination process. A broadened size distribution of
the tempered nanoparticles compared to the Ni2+-loaded block
copolymer micelles probably results from the sintering of
adjacent precursor structures during the temperature program.
This phenomenon was also observed for the synthesis of e.g.
ZnO nanoparticles templated by PS-b-P2VP.33 However, sample
preparation from dilute but colloidally stable solutions bears
one main disadvantage: we are interested in rather thick NiOx
lms and this is diﬃcult to realize due to the rather low nickel
concentration in the mixture used here. The resultant material
would feature a low optical density aer dye sensitization and
this would prohibit its use in, e.g., dye-sensitized solar cells. The
Fig. 3 TEM micrographs of Ni2+-loaded block copolymer micelles of PS75-b-P2VP25 deposited from toluene (A), THF (B), and chloroform (C).
Dark regions indicate the presence of Ni.
Fig. 4 UV-vis spectra of NiCl2 in ethanol (solid line, saturated solution),
micellar solutions (10 g L1 in toluene) of PS75-b-P2VP25 with 0.4
equivalents (dashed line) and 0.8 equivalents (dotted line) of Ni2+, and
the supernatant solution of the reaction mixture with 1.6 equivalents
(dash-dotted line) of Ni2+.
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overall lm thickness, if multi-layer lms are targeted, should
exceed one mm. The thickness of the lm and the nanoporosity
present a high internal surface area and enable a high loading
of dyes onto the electrodes, which are desirable for use in dye-
sensitized NiOx applications.
If a Ni2+/2VP ratio of 1.3 is used, a macroscopic precipitate is
formed (Fig. 2C and D). This is an attractive alternative as this
precipitate most probably consists of agglomerated Ni2+–block
copolymer hybrid micelles. Therefore, the mixture with the
precipitate was centrifuged and the supernatant solution was
discarded. The wet precipitate was re-suspended by sonication
using a Sonics Vibracall VC505 with a power of 500 W for 10 s
with a frequency of 20 kHz to form a pasty suspension. This
suspension can be deposited onto a glass substrate via spin
coating or doctor blading. Aer calcination, an entirely diﬀerent
NiOx morphology compared to the toroids and nanoparticles
was found (Fig. 6; Fig. 6A represents the precipitate without
additional sonication treatment). The structure can be best
described as a nanostructured, highly porous NiOx lm.
Depending on how the precipitate is treated before calcination,
interlinked NiOx nanoparticles (Fig. 7A, spin coating) or ne
porous NiOx network lms (Fig. 6) are formed aer calcination.
Generally, doctor blading yields thicker lms if compared to
spin coating, while the lms prepared by spin coating typically
are more homogeneous. In order to compare both techniques
regarding the surface morphology, a suspension of the precip-
itate formed from a Ni2+–block copolymer mixture at a ratio of
1.6 was prepared. At this point, the ratio was slightly increased
in order to ensure quantitative precipitation. While stirring, this
reaction mixture was deposited onto glass substrates by both
spin coating and doctor blading. At this point no sonication was
used. Aer calcination, the EDX spectra of the NiOx surfaces
resulting from spin coating exhibited a less intense Ni–L signal
at 0.85 keV than the sample obtained by doctor blading. At the
same time, the weaker Ni–K signal at 7.47 keV completely van-
ished, which was not the case when the sample was prepared by
doctor blading (Fig. 8). Nevertheless, the background consisting
of contributions from Na, Mg, Al, Si, Ca, and K from the glass
substrate was comparable in both cases.
The SEM comparison of a thin and homogeneous lm
produced by spin coating and a thicker lm produced by doctor
blading is shown in Fig. 7A (spin coating) and 7B (doctor
blading). The images reveal that doctor blading produces
surfaces with crates (Fig. 7B) and spin coating yields very
homogeneous surfaces compared to the surfaces produced by
doctor blading with an average particle size of60 nm (Fig. 7A).
In order to prohibit the formation of crates, the following
experiments utilize sonication to yield more homogeneous
lms.
As an attempt to combine the benets of spin coating and
the use of larger agglomerates (formed in the precipitate sepa-
rated by centrifugation) to gain more homogeneous NiOx lms,
we partially re-dispersed the precipitate by sonication at high
concentrations of 1.6 eq. Ni2+/2VP prior to spin coating of this
viscous, paste-like suspension. Aer subsequent deposition via
spin coating very homogeneous surfaces were found by SEM
(Fig. 6B). For producing thick NiOx lms of more than one mm,
this procedure was repeated to form double and triple layers.29,30
The procedure is straightforward since aer calcination of the
rst lm the second layer can be added using the same condi-
tions. Aer repeating this procedure three times, a NiOx triple
layer of 1.4 mm thickness according to SEM was formed (Fig. 9).
Interestingly, a homogeneous cross-section can be seen, i.e. the
three diﬀerent layers cannot be diﬀerentiated aerwards. We
therefore regard this procedure as a facile and straightforward
synthetic route to nanoporous and homogeneous NiOx lms of
a thickness which is comparable to literature values for NiOx
lms.12,18,19,29,42
To further investigate these lms, the BET surface area
against nitrogen has been determined to be approx. 50 m2 g1
(1.6 eq. Ni2+/2VP). This value, which lies slightly below the
expected range of 60 m2 g1 as measured for surfaces synthe-
sized in our labs according to the literature using the triblock
copolymer F108,30 needs to be carefully interpreted as for the
BET experiments at least 10 mg of the material have to be used.
Fig. 5 (A) Backscattered electrons (BSE). SEM micrographs of PS75-b-
P2VP25 block copolymer micelles with 0.8 equivalents of Ni
2+/2VP. (B)
Secondary electron imaging (SEI). After depositing the micelle solution
onto a glass substrate and calcination the remaining NiOx forms
ellipsoidal nano-toroids. The edge size of the inset is 500 nm.
Fig. 6 (A) BSE. Calcination of the precipitate yields a ﬁne-structured
porous NiOx ﬁlm (1.3 eq. Ni
2+/2VP). (B) SEI, tilting 60. Another
nanostructured NiOx surface produced via spin coating of a sonicated
suspension of the precipitate (1.6 eq. Ni2+/2VP).
Fig. 7 SEM comparison of a NiOx nanostructured surface produced by
((A) SEI) spin coating and ((B) SEI) doctor blading.
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As a consequence, the corresponding sample was prepared in
the bulk and not on a comparable glass substrate where the
NiOx nanoparticles can be scraped oﬀ – as it has been done
with the reference value from the synthesis via F108. The
consequence is that slightly diﬀerent agglomeration and
sintering might occur during the procedure and calcination.
On the other hand, the BET surface areas reported by Sumi-
kura et al. also using F108 were about 40 m2 g1. Compared
with these results, our synthetic route presented here leads to
about 25% higher surface areas, but it has to be taken into
account that the preparation conditions might also be
diﬀerent.28
To further compare our approach with established routes,26
cyclic voltammetry (CV) measurements were performed. The
cyclic voltammograms obtained from the double lm are shown
in Fig. 10A. Here, the distinct double peak structure in both
anodic and cathodic cycles can be seen, which originates from
the oxidation of NiII to NiIII and NiIV. The half peak potentials
Ep(I) and Ep(II) are 0.38 V and 0.73 V, respectively. These CV
measurements reveal that the NiOx surfaces produced here
behave comparably to NiOx surfaces reported in the literature
(Ep(I) ¼ 0.32 V and Ep(II) ¼ 0.69 V).26 Furthermore, no changes
in the cyclic voltammograms become visible upon the fourfold
cycling of each scan rate (10, 20, 50, and 100 mV s1). Therefore,
the surface appears to be stable under electrochemical condi-
tions in the potential range. The CVs of the NiOx nanostructures
templated by polystyrene-block-poly(2-vinylpyridine) block
copolymer micelles recorded at diﬀerent scan rates suggest a
surface-conned redox system.
Fig. 9 SEM (SEI) images of a NiOx edge after breaking a triple ﬁlm under cryoscopic conditions. The ﬁlm was produced by using the centrifuged
and sonicated precipitate. The deposition step was repeated three times.
Fig. 8 Comparison of energy-dispersive X-ray spectra of NiOx
surfaces produced by doctor blading (black) and spin coating (red)
using PS75-b-P2VP25 as a template for the nanoparticle formation. The
intensities of the spectra greater than 2.5 keV are multiplied by a factor
of 5. The inset highlights the region in the range of 7–8 keV including
the Ni-Ka line (Ka1: 7470 eV).
Fig. 10 (A) Comparison of cyclic voltammograms of a NiOx double ﬁlm at four scan rates: 10, 20, 50, and 100 mV s
−1. (B) UV-vis spectra of
coumarine 343 (dotted), of a blank NiOx surface (solid), and the dye-sensitized NiOx surface (dashed).
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To further elucidate the capabilities of the synthesized NiOx
lm as dye-sensitized electrodes, the surfaces were loaded with
coumarine 343 (C343), thoroughly washed with acetonitrile and
investigated by UV-vis spectroscopy. As can be seen in Fig. 10B,
the absorption spectrum of the pure NiOx surface diﬀers from
the spectrum of the C343-sensitized surface by the formation of
an absorption shoulder at about 430 nm, which matches the
shape of the pure C343 solution. Hence, it is concluded that the
dye C343 successfully binds to the surface. Therefore, the NiOx
nanostructured lms discussed here might serve as the basis
for photoelectrodes of dye-sensitized solar cells or (photo-)
catalytic cells.
The experiments and results described above introduce a
new synthetic route towards NiOx nanostructured lms (see
Fig. 1), which, in contrast to established methods, can be easily
tuned. If colloidally stable micellar solutions are used for the
preparation of NiOx layers onto glass substrates, toroidal
aggregates are obtained. However, the applicability of these
might be limited as rather dilute solutions hamper the
production of thicker layers. However, if the precipitate of PS-b-
P2VP micelles at higher Ni2+ loadings is used, thicker and more
homogeneous networks are formed, rendering a promising
material for various applications.
Conclusion
A new synthetic route to homogeneous and nanoporous NiOx
lms is presented. Our approach is straightforward, exible,
and provides access to diﬀerent NiOx nanostructures. Three
diﬀerent block copolymers (PS65-b-P2VP35, PS68-b-P2VP32, and
PS75-b-P2VP25) were investigated, and for PS75-b-P2VP25 well-
dened Ni2+ containing hybrid micelles in the size range of 60–
90 nm could be obtained. If a critical threshold regarding the
content in Ni2+ is reached, the Ni2+–block copolymer hybrid
particles further agglomerate and a macroscopic precipitate is
formed. Both colloidally stable micellar solutions and a
macroscopic precipitate were tested to prepare NiOx lms by, at
rst, deposition on a glass substrate, followed by calcination. It
is shown that very homogeneous and thick (up to 1.4 mm)
nanostructured lms can be produced by using thick suspen-
sions of the precipitate aer sonication as samples for spin
coating. The resulting calcinated NiOx lms showed promising
rst results as parts in p-type dye-sensitized semiconductor
modules for solar cells or (photo-)catalytic cells aer sensitiza-
tion with coumarine 343. UV-vis investigation shows that cou-
marine 343 is successfully adsorbed to the surface, which is a
crucial prerequisite for this application. The measured surface
area of the presented NiOx lms is comparable to literature
values from attempts with Pluronic F108 as the block copolymer
template. Future experiments, e.g., transient absorption spec-
troscopy will prove if the NiOx is able to inject electrons into the
excited dyes.
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 Star-shaped poly(2-ethyl-2-oxazoline) featuring a 
porphyrin core: synthesis and metal complexation 
 Abstract :  We demonstrate the synthesis of star-shaped 
poly(2-ethyl-2-oxazoline) featuring a porphyrin core start-
ing from alkyne-functionalized porphyrin ([TPP-TB] 
4
 ) and 
azide-functionalized poly(2-ethyl-2-oxazoline) (PEtOx-
N 
3
 ) via copper-catalyzed azide-alkyne cycloaddition 
(CuAAC). The porphyrin core was further utilized for the 
 complexation of either copper or iron within the central 
cavity. The obtained materials were investigated using a 
combination of nuclear magnetic resonance spectros-
copy, fourier transform infrared spectroscopy, ultraviolet-
visible spectroscopy, size-exclusion chromatography, and 
matrix assisted laser desorption/ionization time-of-flight 
mass spectrometry. In the case of copper, the inclusion of 
the metal ion was achieved in a one-pot reaction during 
the CuAAC reaction for attaching the PEtOx-N 
3
 arms. 
 Keywords:  metal-containing polymers;  poly(2-ethyl-2-oxa-
zoline);  porphyrins;  star-shaped polymers. 
 DOI 10.1515/epoly-2015-0041 
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1   Introduction 
 For the synthesis of star-shaped polymers, typically two 
different approaches are used, either core first or arm first 
 (1 – 3) . In the case of core-first strategies, a core molecule or 
a multifunctional initiator is synthesized or modified with 
initiating groups applicable for controlled polymerization 
reactions. In the literature, different examples of atom 
transfer radical polymerization  (4, 5) , reversible addition 
fragmentation chain transfer  (6) , anionic ring-opening 
polymerization  (7, 8) , or cationic ring-opening polymeri-
zation (CROP)  (9, 10) are reported. One clear disadvantage 
of the core-first approach is that complete initiation is 
often difficult to verify and lower arm numbers are found 
when compared to initiation sites. This can be avoided 
in the arm-first approach, as each building block can be 
separately characterized and the degree of functionaliza-
tion can be quantitatively determined for each step. In 
that respect, efficient macromolecular conjugation reac-
tions have been extensively investigated for an efficient 
linkage between two complementary motifs, leading to 
different possibilities for the synthesis of new materials 
 (11 – 16) . Among these possibilities, one versatile platform 
are copper-catalyzed azide-alkyne cycloaddition (CuAAC) 
reactions, which have already been used for the formation 
of networks  (17, 18) , block copolymers  (19 – 21) , or other 
polymer architectures  (13, 22, 23) . 
 Porphyrins show potential for use in applications 
such as photosensitizers  (24) and catalysts  (25) , and, 
owing to an inherent high affinity for metal complexation 
within the porphyrin cavity, the resulting materials have 
attractive optical properties that render them suitable 
precursors for hybrid materials  (6, 26 – 32) . Moreover, poly-
mers based on porphyrins have been studied with regard 
to hierarchical self-assembly processes  (6, 33, 34) and to 
their use in selective ion complexation  (4) . 
 We were interested in the combination of functional-
ized porphyrins and CuAAC of suitably modified polymeric 
building blocks for the synthesis of symmetrical, star-
shaped, porphyrin-centered polymers. For this purpose, 
5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphyrin 
([TPP-OH] 
4
 ) was equipped with alkyne functionalities, and 
azide-functionalized poly(2-ethyl-2-oxazoline) (PEtOx-N 
3
 ) 
was covalently attached via subsequent CuAAC chemis-
try. We present a detailed study of the obtained materials 
through a combination of nuclear magnetic resonance 
spectroscopy (NMR), Fourier transform infrared spectros-
copy (FTIR), size exclusion chromatography (SEC), ultra-
violet-visible spectroscopy (UV-Vis) and matrix assisted 
laser desorption/ionization time-of-flight mass spectrom-
etry (MALDI-ToF MS). Regarding the introduction of metal 
ions into the porphyrin cavity, this could be achieved in a 
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one-pot synthesis for copper, whereas the introduction of 
iron (III) was realized in two steps. 
2   Results and discussion 
 Herein, we focus on the synthesis of star-shaped poly(2-
ethyl-2-oxazoline) (PEtOx) featuring a porphyrin core and 
four PEtOx arms via the arm-first approach. After the syn-
thesis of azide-functionalized PEtOx building blocks, sub-
sequent CuAAC reactions were used for the formation of 
star-shaped polymers. Our motivation is that well-defined 
porphyrin-centered building blocks with side chains of 
different lengths might be used as unimolecular sensors 
or in self-assembly studies owing to the planar nature of 
the porphyrin core. In that respect, we have already shown 
that the self-assembly mechanism for ABA bolaamphiphi-
les can be controlled by adjusting the length of the solubi-
lizing PEtOx side chain in oligophenyleneethylene-based 
materials  (35) . 
 Commercially available [TPP-OH] 
4
 was used as a 
starting material for the preparation of an alkyne-func-
tionalized core ([TPP-TB] 
4
 ). By etherification of the four 
hydroxyl groups, alkyne-functionalized [TPP-TB] 
4
 could 
be synthesized, where TB refers to the alkyne moieties 
( Figure 1 A; Scheme S1). Briefly, [TPP-OH] 
4
 was dissolved 
in a tetrahydrofuran/methanol mixture (THF/MeOH; 5:1; 
v/v) together with potassium carbonate (K 
2
 CO 
3
 ) and pro-
pargyl bromide and stirred at 45 ° C overnight. After the 
purification, [TPP-TB] 
4
 was obtained and investigated via 
NMR and FTIR, confirming the formation of the desired 
product in an overall yield of 95% (Figures S1 and S2). Full 
conversion of the hydroxyl group was proven by  1 H NMR 
through the disappearance of the corresponding signal 
at  ≈ 10 ppm, whereas the aromatic signals for the phenyl 
ring were shifted by 0.1 ppm to lower field (Figure S1). The 
pyrrole NH signal of the porphyrin appeared at -2.8 ppm, 
which remained constant, and new signals correspond-
ing to the alkyne functionality appeared at 5.1 and 3.8 
ppm. Through FTIR, the disappearance of a broad peak 
for the hydroxyl group in the range above  ≈ 3000 cm -1 and 
the appearance of a new signal corresponding to alkyne 
C-H (at 3290 cm -1 ) and at 1025  cm -1 for a C-O stretching 
vibration could be observed (Figure S2). The characteri-
zation via NMR and FTIR confirmed the successful syn-
thesis of [TPP-TB] 
4
 . The solution properties of the pristine 
[TPP-OH] 
4
 and [TPP-TB] 
4
 were investigated via UV-Vis in 
THF. As can be seen in Figure S3, the shape, distribution, 
and intensity ratio of the absorption maxima remained 
HOA
B C
HO
OH
Br
OH
[TPP-PEtOx5]4 [TTP-PEtOx5]4
PEtOx5-N3
PEtOx5-N3
3500 8 9 10 11 12
Elution volume (ml)
3000 2500 2000 1500
Wave number (cm-1)
1000
K2CO3; MeOH/THF
N
N
N N Nn
O
O
O
N N
N N n
N3
O
CuBr/PMDETA; THF
N
H
N
H
N
H
H
N
 Figure 1:   (A) Alkyne modification of [TPP-OH] 
4
 via etherification with propargyl bromide and subsequent CuAAC chemistry with PEtOx 
5
 -N 
3
 , 
forming porphyrin-centered star-shaped [TPP-PEtOx 
5
 ] 
4
 ; (B) comparison of FT-IR spectra for PEtOx 
5
 -N 
3
 (black trace) and [TPP-PEtOx 
5
 ] 
4
 after 
purification (red trace); (C) comparison of SEC traces for PEtOx 
5
 -N 
3
 (dotted line) and [TPP-PEtOx 
5
 ] 
4
 after precipitation (straight line). 
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constant before and after the modification, showing an 
intensive Soret band at 421 nm, whereas further bands 
were observed at 549, 554, 595, and 653 nm, respectively. 
This observation led us to the assumption that the optical 
properties were not changed during this modification step 
and that the integrity of the functionalized porphyrin unit 
was confirmed. 
 For the synthesis of azide-functionalized PEtOx oli-
gomers, 2-ethyl-2-oxazoline (EtOx) was polymerized via 
microwave-assisted CROP initiated via methyl  p -tolue-
nesulfonate (MeTos) in acetonitrile (ACN). The reaction 
was terminated by the addition of sodium azide (NaN 
3
 ), 
leading to a substitution reaction introducing an azide end 
group (Scheme S2)  (35) . For the polymerization, a mono-
mer-to-initiator ratio ([M]/[I]) of 5 at a constant monomer 
concentration of 4 mol l-1 was placed in the microwave syn-
thesizer at 140 ° C. The obtained oligomer was investigated 
via NMR, SEC, and FTIR, to determine the degree of func-
tionalization and molar mass (Figures S4 – S6), and was 
found to be PEtOx 
5
 -N 
3
 (the subscript denotes the degree 
of polymerization). The degree of functionalization seems 
to be quantitatively as no aromatic signals, corresponding 
to the tosyl group, were observed via  1 H NMR after azide 
modification (Figure S4). 
 For the synthesis of a symmetrical, star-shaped, 
porphyrin-centered [TPP-PEtOx 
5
 ] 
4
 , CuAAC reactions were 
chosen as a versatile platform ( Figure 1 A). For this purpose, 
1.5 eq. of PEtOx 
5
 -N 
3
 in comparison to the alkyne function-
alities of core ([TPP-TB] 
4
 ) was dissolved in THF. PEtOx 
5
 -N 
3
 
was used in a slight excess to ensure full conversion of 
the alkyne functionalities. The solution was purged with 
argon for 5 min, while copper bromide (CuBr; 1.5 eq.) and 
 N , N , N ′ , N ″ , N ″ -pentamethyldiethylenetriamine (PMDETA; 
1.5 eq.) were added under an argon stream. The solu-
tion was heated to 80 ° C in an oil bath for 10 min, passed 
over an aluminum oxide (AlOx N) column to remove the 
copper, and precipitated into diethyl ether. The purple 
precipitate was filtered and dried under vacuum, obtain-
ing [TPP-PEtOx 
5
 ] 
4
 as a purple polymer, while any excess of 
PEtOx 
5
 -N 
3
 remained in solution. 
 [TPP-PEtOx 
5
 ] 
4
 was investigated via SEC, FTIR, UV-Vis, 
NMR, and MALDI-ToF MS. Through SEC, a clear shift of 
the elution trace (straight line) to lower elution volume in 
comparison to PEtOx 
5
 -N 
3
 (dashed line) could be observed 
( Figure 1 C), indicating the absence of free linear polymer 
after purification. Through FTIR, a complete disappear-
ance of the azide signal ( ≈ 2100 cm -1 ) confirmed full con-
version of PEtOx 
5
 -N 
3
 ( Figure 1 B). 
 UV-Vis spectra ( Figure 2 B; Figure S7) of [TPP-TB] 
4
 and 
[TPP-PEtOx 
5
 ] 
4
 in THF showed differences in the Q-band 
region, whereas the Soret band remained at the same 
position. The individual signals at 519 and 554 nm ([TPP-
TB] 
4
 ) collapsed into one signal at 542 nm, which has 
been described for the complexation of metal ions in the 
center of the phthalocyanine cavity  (36) . This led to the 
assumption that, during the CuAAC reaction, a copper 
complex with porphyrin was formed ([Cu-TPP-PEtOx 
5
 ] 
4
 ). 
NMR measurements showed no signals for the porphyrin 
units in the aromatic region, presumably due to the fer-
romagnetic character of the copper ions (Figure S8). This 
effect was also observed in the case of non-symmetrically 
substituted porphyrins and could be reduced by the addi-
tion of a ligand to minimize the magnetic exchange inter-
actions between Cu-Cu ions  (29) . In our case, both UV-Vis 
and NMR indicated the incorporation of Cu ions into the 
cavity of the porphyrin core for [TPP-PEtOx 
5
 ] 
4
 . The for-
mation of this Cu complex also occurred under different 
reaction conditions for the CuAAC step (80 ° C for 5 – 10 min, 
room temperature for   <  12 h). 
 For the synthesis of a metal-free [TPP-PEtOx 
5
 ] 
4
 , [Cu-
TPP-PEtOx 
5
 ] 
4
 was dissolved in neat sulfuric acid and 
stirred for 12 h at room temperature  (28) . Acid-catalyzed 
hydrolysis of PEtOx  (37 – 39) under these conditions was 
not observed in NMR spectra. Afterwards, no signifi-
cant change in the elution behavior was observed in SEC 
( Figure 2 C;  Table 1 ). Nevertheless, comparable UV-Vis 
spectra as for earlier described [TPP-TB] 
4
 were observed, 
hinting towards the successful removal of copper from the 
porphyrin cavity and the formation of [TPP-PEtOx 
5
 ] 
4
 . More 
precisely, both the ratio and the position of the signals, in 
particular in the case of the bands at 519 and 554 nm, coin-
cided with the measurements for [TPP-TB] 
4
 ( Figure 2 D; see 
Figure S10). 
 The incorporation of different metal ions into porphy-
rin cavities has been described in the literature  (30, 40) . 
Because of the similarity of porphyrin and hemoglobin 
as iron-centered porphyrin-based complexes, we were 
interested in whether iron(III) ions could be selectively 
introduced, leading to [Fe-TPP-PEtOx 
5
 ] 
4
 . Direct exchange 
by heating [Cu-TPP-PEtOx 
5
 ] 
4
 in the presence of iron (III) 
chloride (FeCl 
3
 ) at 90 ° C for 24 h was not successful, pre-
sumably due to the strong complexation of the copper 
ion. Using [TPP-PEtOx 
5
 ] 
4
 for the inclusion of iron into the 
cavity was not successful either, as the remaining acid 
might lead to the direct removal of the iron again. There-
fore, the inclusion of iron into [TPP-PEtOx 
5
 ] 
4
 was achieved 
by the synthesis of an iron-containing core ([Fe-TPP-TB] 
4
 ), 
which was prepared by direct addition of iron(III) chloride 
to [TPP-TB] 
4
 . After 24 h at 80 ° C, [Fe-TPP-TB] 
4
 was obtained 
after purification in a yield of 54% (Figures S12 and S13). 
Because of the ferromagnetic character of iron(III), char-
acterization via NMR was not possible and FTIR was 
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 Figure 2:   (A) Structure of [Me-TPP-PEtOx 
5
 ] 
4
 ; (B) comparison of UV-Vis spectra for [TPP-TB] 
4
 (black dashed line) and [Cu-TPP-PEtOx 
5
 ] 
4
 ; 
(C)  comparison of SEC traces for PEtOx 
5
 -N 
3
 (dashed line), [Cu-TPP-PEtOx 
5
 ] 
4
 (black line), [Fe-TPP-PEtOx 
5
 ] 
4
 (blue line), and [TPP-PEtOx 
5
 ] 
4
 
(red line); (D) comparison of UV-Vis spectra for [TPP-TB] 
4
 (black dashed line), [Cu-TPP-PEtOx 
5
 ] 
4
 (straight black line), [TPP-PEtOx 
5
 ] 
4
 (red line), 
and [Fe-TPP-PEtOx 
5
 ] 
4
 (blue line). 
 Table 1 :   Selected characterization data of linear and star-shaped 
porphyrin-centered polymers synthesized in this study. 
Polymer    M 
n
 a (g mol -1 )    Ð a    M 
p
 b (g mol -1 ) 
PEtOx 
5
 -N 
3
   710  1.37 
[TPP-PEtOx 
5
 ] 
4
   4600  1.12  2965
[Cu-TPP-PEtOx 
5
 ] 
4
   4900  1.10  3004
[Fe-TPP-PEtOx 
5
 ] 
4
   5100  1.14  2996
[Cu-TPP-PEtOx 
11
 ] 
4
   6100 c   1.12  4700
[Cu-TPP-PEtOx 
15
 ] 
4
   8800 c   1.07   6400 
 a SEC (DMAC/LiCl) PS calibration. 
 b MALDI-ToF MS. 
 c SEC (CHCl 
3
 /TEA/iPrOH) PS calibration. 
applied instead. Compared to the FTIR of [TPP-TB] 
4
 , that 
of [Fe-TPP-TB] 
4
 showed differences in the region asso-
ciated with pyrrole moieties in the range of 1300 to 900 
cm -1 , in particular at 995 cm -1 (Figure S12). Subsequently, 
[Fe-TPP-TB] 
4
 was used for CuAAC reactions with PEtOx 
5
 -N 
3
 
as described earlier. After precipitation, [Fe-TPP-PEtOx 
5
 ] 
4
 
was characterized via SEC and FTIR, which showed an 
elution behavior comparable to those of [Cu-TPP-PEtOx 
5
 ] 
4
 
and [TPP-PEtOx 
5
 ] 
4
 ( Figure 2 C;  Table 1 ; Figure S16). Upon 
direct comparison of the FTIR spectra for [Fe-TPP-PEtOx 
5
 ] 
4
 , 
[Cu-TPP-PEtOx 
5
 ] 
4
 , and [TPP-PEtOx 
5
 ] 
4
 , a signal, which can 
be attributed to pyrrole-metal complexes, being formed 
could be found at 995 cm -1 , whereas this individual signal 
disappeared in the case of [TPP-PEtOx 
5
 ] 
5
 (Figure S17). 
 Furthermore, the UV-Vis spectrum for [Fe-TPP-
PEtOx 
5
 ] 
4
 in comparison to that for [Cu-TPP-PEtOx 
5
 ] 
4
 also 
showed a combined band at 542 nm, indicating metal 
complexation, and a new broad signal from 600 to 750 nm 
(Figure S14). The second broad signal was also indicated 
by the brownish color of the obtained material. As [Fe-TPP-
PEtOx 
5
 ] 
4
 shows certain similarity to hemoglobin, selective 
complexation of oxygen by [Fe-TPP-PEtOx 
5
 ] 
4
 when stored 
under air can be assumed. This was already observed in 
SEC for [Fe-TPP-PEtOx 
5
 ] 
4
 after several days, where an addi-
tional distribution at higher molar masses could be found, 
which might indicate the presence of partially bridged or 
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oxidized [Fe ox -TPP-PEtOx 
5
 ] 
4
 (Figure S18A). Oxidation or a 
low solubility of [Fe-TPP-TB] 
4
 might also explain the broad 
absorption bands in the UV-Vis spectra (Figure S13) at  ≈ 375 
and 490 nm. The solubility in the case of [Fe-TPP-PEtOx 
5
 ] 
4
 
in THF increased in comparison to that of [Fe-TPP-TB] 
4
 by 
the attached polymer chains, and, presumably, both oxi-
dation and aggregation decreased in THF. 
 We additionally subjected [Fe-TPP-PEtOx 
5
 ] 
4
 , [Cu-
TPP-PEtOx 
5
 ] 
4
 , and [TPP-PEtOx 
5
 ] 
4
 to MALDI-ToF MS. The 
overall molar mass obtained for [Fe-TPP-PEtOx 
5
 ] 
4
 , [Cu-TPP-
PEtOx 
5
 ] 
4
 , and [TPP-PEtOx 
5
 ] 
4
 could be determined at around 
3000 g mol-1, respectively, which is in good agreement with 
the desired composition ( Figure 3 A;  Table 1 ). The calculated 
and measured isotopic patterns both showed differences 
corresponding to the according cavity-metal-intercalations 
( Figure 3 B). In  Figure 3 B, the overlay shows a clear differ-
ence between the spectra for one peak corresponding to the 
same number of PEtOx arms, and the cationization agent 
of the individual star-macromolecules is illustrated, which 
shows a dependency on the specific composition. Depend-
ing on the incorporated metal for the porphyrin stars, shifts 
in the molar mass distributions were determined. The calcu-
lated isotopic patterns and the experimental data from MS 
for [Fe-TPP-PEtOx 
5
 ] 
4
 , [Cu-TPP-PEtOx 
5
 ] 
4
 , and [TPP-PEtOx 
5
 ] 
4
 
fit, taking into account the architecture and ionization of 
the macromolecules (Figures S9, S11, and S15). Moreover, 
[Fe ox -TPP-PEtOx 
5
 ] 
4
 showed at least two molar mass distribu-
tions at 3500 and 5000 g mol-1, indicating bridging between 
two [Fe-TPP-PEtOx 
5
 ] 
4
 macromolecules. 
 The aforementioned outlined concept of the synthe-
sis of star-shaped [TPP-PEtOx 
x
 ] 
4
 materials can also be 
applied for side chains with higher molar mass. Exempla-
rily, this has been shown using PEtOx 
11
 -N 
3
 and PEtOx 
15
 -N 
3
 
as azide-functionalized building blocks. Comparable 
one-pot CuAAC reactions led to the formation of [Cu-TPP-
PEtOx 
x
 ] 
4
 star-shaped polymers (Figure S19;  Table 1 ). 
3   Conclusion 
 Well-defined star-shaped polymers featuring a porphyrin 
core and PEtOx side chains of different lengths can be 
readily synthesized using CuAAC chemistry starting from 
alkyne-functionalized porphyrin and azide-functional-
ized poly(2-ethyl-2-oxazoline) (PEtOx-N 
3
 ). Mass spectrom-
etry was used to investigate material characteristics as 
well as the intercalation of copper or iron into the porphy-
rin cavity of [TPP-PEtOx 
5
 ] 
4
 in addition to UV-Vis and FTIR. 
Such well-defined hybrid building blocks with defined 
amounts of metal cations are promising materials for 
future self-assembly studies. Another interesting feature 
is the herein observed susceptibility of [Fe-TPP-PEtOx 
5
 ] 
4
 to 
oxidation in the presence of oxygen. 
4   Materials and methods 
4.1   Methods 
4.1.1   Nuclear magnetic resonance spectroscopy 
 Proton nuclear magnetic resonance ( 1 H NMR) spectra were 
recorded in CDCl 
3
 on a Bruker AC 300-MHz spectrometer at 
298 K. Chemical shifts are given in parts per million (ppm,  δ 
scale) relative to the residual signal of the deuterated solvent. 
2000
A B
2500 3000 3000 30403020 30603500
m/z m/z
4000
[Cu-TPP-PEtOx5]4
[Fe-TPP-PEtOx5]4
[Fe-TPP-PEtOx5]H+
[Cu-TPP-PEtOx19]H+
[TPP-PEtOx5]4
[TPP-PEtOx20]H+
 Figure 3:   (A) Comparison of MALDI-ToF MS spectra for [Cu-TPP-PEtOx 
5
 ] 
4
 (black trace), [TPP-PEtOx 
5
 ] 
4
 (red trace), and [Fe-TPP-PEtOx 
5
 ] 
4
 (blue 
trace); (B) comparison of the major peak measured by MALDI-ToF MS spectra for [Fe-TPP-PEtOx 
19
 ] (blue trace), [Cu-TPP-PEtOx 
19
 ] (black trace), 
and [TPP-PEtOx 
20
 ] (red curve). 
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4.1.2   Size-exclusion chromatography 
 Size-exclusion chromatography was performed on a 
Agilent (Agilent Technology, Waldbronn, Germany) 
system equipped with an SCL-10A system controller, an 
G1329A pump, an G1362A refractive index detector, and 
both a PSS Gram30 and a PSS Gram1000 column series, 
whereby  N,N -dimethylacetamide (DMAC) with 5 mmol of 
LiCl was used as an eluent at 1 ml min-1 of flow rate and the 
column oven was set to 40 ° C. The system was calibrated 
using polystyrene (PS; 100 – 1,000,000  g  mol-1) stand-
ards. Furthermore, a Shimadzu (Shimadzu,  Duisburg, 
Germany) equipped with an SCL-10A system control-
ler, an LC-10AD pump, and an RID-10A refractive index 
detector using a solvent mixture containing chloroform 
(CHCl 
3
 ), triethylamine (TEA), and  iso- propanol ( i -PrOH) 
(94:4:2) at a flow rate of 1 ml min-1 on a PSS SDV linear M 
5- μ m column at 40 ° was used for the investigation of the 
polymers. 
4.1.3   Fourier-transform infrared spectroscopy 
 Dry powders of the copolymers were directly placed on 
the crystal of the ATR-FTIR (Affinity-1 FTIR, Shimadzu) or 
ATR-FT-IR (ALPHA ’ s Platinum ATR, Bruker) for measure-
ments in the range of 4000 to 600 cm -1 . 
4.1.4   Microwave-assisted polymerizations 
 Microwave-assisted polymerizations were carried out 
utilizing an Initiator Sixty single-mode microwave syn-
thesizer (Biotage, Uppsala, Sweden) equipped with a 
noninvasive IR sensor (accuracy: 2%). Microwave vials 
(conical, 0.5 – 2 ml) were heated at 110 ° C overnight and 
allowed to cool to room temperature under nitrogen 
atmosphere. All polymerizations were carried out using 
temperature control. 
4.1.5   Matrix-assisted laser desorption ionization 
time-of-flight mass spectrometer 
 Matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry was performed on an Ultraflex III TOF/
TOF (Bruker Daltonics, Bremen, Germany) equipped with 
a Nd:YAG laser and without any matrix and using NaCl as 
a doping agent in reflector and linear mode. The instru-
ment was calibrated prior to each measurement following 
an external PMMA standard from PSS Polymer Standards 
Services GmbH (Mainz, Germany). 
4.1.6   UV-Vis Spectroscopy 
 UV-Vis absorption spectra were recorded on a Specord 250 
spectrometer (Analytik Jena, Jena, Germany) in Suprasil 
quartz glass cuvettes (104-QS, Hellma Analytics) with 
a thickness of 10 mm. The temperature at the measure-
ments was controlled by a Jumo dTRON 08.1 instrument 
(Analytik Jena). 
4.2   Materials 
 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphine 
(TPP), potassium carbonate, sodium azide, iron (III) chlo-
ride, and propargyl bromide (80 wt.% in toluene) were 
purchased from Sigma Aldrich. Propargyl bromide was 
distilled from CaCl 
2
 and stored under argon. 2-Ethyl-2-oxa-
zoline was distilled from barium oxide under vacuum and 
stored under argon in a glove box. 
4.2.1   Synthesis of alkyne modified 
tetrakisphenylporphyrin (TB-TPP) 
 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21 H ,23 H -porphyrin 
(TPP, 500 mg, 0.734 mmol) was dissolved in a solvent 
mixture of tetrahydrofuran and methanol (15 ml THF and 
3  ml MeOH) together with 1.5 g of potassium carbonate 
(10.85 mmol). Propargyl bromide (3 ml, 26.9 mmol) was 
added to the solution under vigorous stirring and stirred for 
24 h at 45 ° C. The solvent was removed under reduced pres-
sure, dissolved in THF (concentrated), filtered, and dried 
under vacuum to obtain a purple solid. Yield: 95%, 590 mg. 
 1 H NMR (300 MHz, DMSO): 8.85 (s, pyrrole protons), 
8.15 (d, phenyl), 7.43 (d, phenyl), 5.10 (s, -C H 
2
 -C-CH), 3.77 
(s, -CH 
2
 -C-C H ), -2.91 (s, -N H -) ppm. 
 FT-IR: 3290 (-CH), 1025 (C-O-C) cm -1 . 
4.2.2   Synthesis of alkyne-modified iron(III) containing 
tetrakisphenylporphyrin ([Fe-TPP-TB] 
4
 ) 
 TB-TPP (92 mg, 0.11 mmol) was dissolved together with 
iron(III) chloride (FeCl 
3
 , 52 mg, 0.19 mmol) in a THF/
methanol mixture (10:4, v/v) and heated in an oil bath 
at 90 ° C overnight. The reaction mixture was diluted 
with dichloromethane and extracted with water, and the 
organic phase was dried over sodium sulfate, filtered, and 
then dried under vacuum. The product was obtained as a 
brownish solid. Yield: 54%, 54 mg. 
 ATR-FT-IR: 3300 (-CH), 1017 (C-O-C), 995 (pyrrole-
metal) cm -1 . 
ereitgestellt von | De Gruyter / TCS
Angemeldet
Heruntergeladen am | 28.04.15 13:35
T. Rudolph et al.: Star-shaped poly(2-ethyl-2-oxazoline) featuring a porphyrin core      7
4.2.3   Synthesis of azide-functionalized PEtOx 
5
 -N 
3
 
 Methyl  p -toluenesulfonate and EtOx were dissolved in 
ACN at a monomer-to-initiator ratio ([M]/[I]) of 5 and at a 
monomer concentration of 4 mol l-1. The capped vials were 
placed in a microwave synthesizer at 140 ° C. The polym-
erization was terminated via the addition of dried sodium 
azide under inert conditions. The polymers were obtained 
after filtering the excess sodium azide and washing with 
dichloromethane; the organic phase was dried under 
vacuum. After precipitation in cold diethyl ether, the 
polymer was filtered and dried under vacuum. 
 SEC (CHCl 
3
 / i -PrOH/Et 
3
 N):  M 
n
  =  900 g mol-1;  Ð  =  1.12 (PS 
calibration). SEC (DMAC/LiCl):  M 
n
  =  710 g mol-1;  Ð  =  1.37 (PS 
calibration). 
 1 H NMR (300 MHz, CDCl 
3
 ,  δ ): 3.6 – 3.2 (br, -N-C H 
2
 -C H 
2
 -), 
2.5 – 2.2 (br, CO-C H 
2
 -CH 
3
 ), 1.2 – 0.9 (br, CO-CH 
2
 -C H 
3
 ) ppm. 
 ATR-FT-IR: 2096 (azide), 1630 (carbonyl) cm -1 . 
4.2.4   CuAAC reaction between [TPP-TB] 
4
 and 
azide-modified PEtOx (PEtOx 
5
 -N 
3
 ) forming 
[Cu-TPP-PEtOx 
5
 ] 
4
 
 The core ([TPP-TB] 
4
 ) and PEtOx 
5
 -N 
3
 (6 eq.) were dissolved 
in THF. The solution was purged with argon for 5 min, 
while CuBr (6 eq.) and PMDETA (6 eq.) were added under 
argon stream. The solution was heated up to 80 ° C in an 
oil bath for 10 min, diluted with chloroform, and passed 
over an aluminum oxide (AlOx N) column to remove the 
copper. The solvent was removed under reduced pressure 
and precipitated in cold diethyl ether. The purple precipi-
tate was filtered and dried under vacuum, obtaining the 
porphyrin-centered polymer. 
 SEC (DMAC/LiCl):  M 
n
  =  4900  g  mol-1;  Ð  =  1.10 (PS 
calibration). 
 1 H NMR (300 MHz, CDCl 
3
 ,  δ ): 8.0 – 7.65 (tetrazine), 
5.5-5.2 (tetrazine-C H 
2
 -CH 
2
 -), 4.8 – 4.6 (tetrazine-C H 
2
 -O-), 
4.0 – 3.8 (tetrazine-CH 
2
 -C H 
2
 -), 3.8 – 3.1 (backbone), 2.5 – 2.2 (br, 
CO-C H 
2
 -CH 
3
 ), 1.2 – 0.9 (br, CO-CH 
2
 -C H 
3
 ) ppm. 
 ATR-FT-IR: 1630 (carbonyl), 995 (pyrrole-metal) cm -1 . 
4.2.5   Synthesis of metal-free [TPP-PEtOx 
5
 ] 
4
 
 For the synthesis of metal-free [TPP-PEtOx 
5
 ] 
4
 , [Cu-TPP-
PEtOx 
5
 ] 
4
 was dissolved in concentrated sulfuric acid and 
stirred at room temperature for 24 h. The product was 
obtained after dilution with water (caution during the 
addition of water to sulphuric acid) and then extracted 
with dichloromethane and water, dried under vacuum, 
and precipitated in diethyl ether. 
 SEC (DMAC/LiCl):  M 
n
  =  4600  g  mol-1;  Ð  =  1.12 (PS 
calibration). 
 1 H NMR (300 MHz, CDCl 
3
 ,  δ ): 8.0 – 7.65 (tetrazine), 
5.7-5.4 (tetrazine-C H 
2
 -CH 
2
 -), 4.8 – 4.6 (tetrazine-C H 
2
 -O-), 
4.0 – 3.8 (tetrazine-CH 
2
 -C H 
2
 -), 3.8 – 3.1 (backbone), 2.5 – 2.2 
(br, CO-C H 
2
 -CH 
3
 ), 1.2 – 0.9 (br, CO-CH 
2
 -C H 
3
 ) ppm. 
 ATR-FT-IR: 1630 (carbonyl) cm -1 . 
4.2.6   CuAAC reaction between [Fe-TPP-TB] 
4
 and 
azide-modified PEtOx (PEtOx 
5
 -N 
3
 ) forming 
[Fe-TPP-PEtOx 
5
 ] 
4
 
 The core ([Fe-TPP-TB] 
4
 ) and PEtOx 
5
 -N 
3
 (6 eq.) were dis-
solved in THF. The solution was purged with argon for 5 
min, while CuBr (6 eq.) and PMDETA (6 eq.) were added 
under argon stream. The solution was heated up to 80 ° C in 
an oil bath for 10 min, diluted with chloroform, and passed 
over an aluminum oxide (AlOx N) column to remove the 
copper. The solvent was removed under reduced pressure 
and precipitated in cold diethyl ether. The brownish pre-
cipitate was filtered and dried under vacuum, obtaining 
the porphyrin-centered polymer. 
 SEC (DMAC/LiCl):  M 
n
  =  5100  g  mol-1;  Ð  =  1.14 (PS 
calibration). 
 ATR-FT-IR: 1630 (carbonyl), 995 (pyrrole-metal) cm -1 . 
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Scheme S1: 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphin [TPP-OH]4 modification via etherification with propargyl 
bromide, forming alkyne-modified [TPP-TB]4. 
 
 
Scheme S2: Microwave-assisted cationic ring-opening polymerization (CROP) of 2-ethyl-2-oxazoline (EtOx) initiated via methyl 
p-toluenesulfonate and terminated using sodium azide. 
3 
 
Figure S1: Comparison of 1H-NMR spectra for [TPP-OH]4 (black curve) and alkyne-modified [TPP-TB]4 (red curve, DMSO- d6; 
300 MHz). 
 
Figure S2: Comparison of FT-IR spectra for [TPP-OH]4 (black curve) and alkyne-modified [TPP-TB]4 (red curve). 
4 
 
Figure S3: Comparison of UV-Vis spectra for [TPP-OH]4 (black curve) and [TPP-TB]4 (red trace) in THF with an inset showing 
the region between 450-700 nm in more detail. 
 
Figure S4: 1H-NMR spectrum for PEtOx5-N3 (CDCl3; 300 MHz). 
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Figure S5: SEC elution trace for PEtOx-N3 with DMAC/LiCl as eluent.  
 
Figure S6: FT-IR spectrum for PEtOx5-N3 with the characteristic peak for the azide functionality at 2096 cm
-1. 
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Figure S7: Comparison of UV-Vis spectra for [TPP-TB]4 (black curve), and [TPP-PEtOx5]4 (red trace) in THF with an inset for 
the region between 450-700 nm. 
7 
 
Figure S8: Comparison of 1H-NMR spectra for PEtOx5-N3 (blue trace), [TPP-PEtOx5]4 (red trace), and [Cu-TPP-PEtOx5]4 (black 
trace) (CDCl3; 300 MHz). 
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Figure S9: MALDI-ToF MS overlay of the measured (red curve) and calculated (black curve) spectra for [Cu-TPP-PEtOx5]4. 
 
Figure S10: Comparison of UV-Vis spectra for [TPP-TB]4 (black curve), [Cu-TPP-PEtOx5]4 (red trace) and [TPP-PEtOx5]4 (blue 
trace) in THF with an inset for the region between 450-800 nm. 
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Figure S11: MALDI-ToF MS overlay of the measured (red curve) and calculated (black curve) spectra for [TPP-PEtOx5]4. 
 
Figure S12: Comparison of FT-IR spectra for [TPP-TB]4 (black trace) and [Fe-TPP-TB]4 (red trace). 
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Figure S13: Comparison of UV-Vis spectra for [TPP-TB]4 (black curve), and [Fe-TPP-TB]4 (red trace) in THF with an inset of 
the region between 450-800 nm. 
 
Figure S14: Comparison of UV-Vis spectra for [TPP-TB]4 (black curve), and [Fe-TPP-PEtOx5]4 (red trace) in THF with an inset 
of the region between 450-800 nm. 
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Figure S15: MALDI-ToF MS overlay of the measured (red curve) and calculated (black curve) spectra for [Fe-TPP-PEtOx5]4. 
 
Figure S16: Comparison of FT-IR spectra for PEtOx5-N3 (black trace) and [Fe-TPP-PEtOx5]4 (red trace). 
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Figure S17: Comparison of FT-IR spectra for [Cu-TPP-PEtOx5]4 (red curve), [TPP-PEtOx5]4 (blue curve), and [Fe-TPP-PEtOx5]4 
(black curve). 
 
Figure S18: A) Comparison of SEC traces for [Fe-TPP-PEtOx5]4 (dashed curve) and a partially oxidized sample of [Fe
ox-TPP-
PEtOx5]4 (straight curve); B-C) MALDI-ToF MS spectra for [Fe
ox-TPP-PEtOx5]4. 
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Figure S19: Overlay of MALDI-ToF MS spectra for [Cu-TPP-PEtOx5]4 (black trace), [Cu-TPP-PEtOx11]4 (red trace), and [Cu-
TPP-PEtOx15]4 (blue trace). 
 
